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DETAILED ACTION 

Election/Restrictions 

1. Applicant's election without traverse of Group I, claims 1-5, in the reply filed on 
8/25/2006, is acknowledged. 

2. Applicant's election with traverse of modification of interferon (IFN)-p at position 8 in 
the reply filed on 8/25/2006 is acknowledged. The traversal is on the ground(s) that MPEP § 
803.04 states "normally ten sequences constitute a reasonable number for examination 
purposes. Accordingly, in most cases, up to ten independent and distinct nucleotide sequences 
will be examined in a single application without restriction" (emphasis added). The Applicants 
also argue that the modified positions are single amino acid modifications of the same original 
sequence, and therefore the search burden is reduced. Additionally, the Applicants argue that 
the substitutions are all in the same class and subclass. 

These arguments have been fully considered and are not found persuasive. Each of the 
claimed substitutions would result in a polypeptide with a different sequence, and thus different 
physical/biochemical characteristics. MPEP § 806.04(b) states "Species may be either 
independent or related under the particular disclosure. Where species under a claimed genus 
are not connected in any of design, operation, or effect under the disclosure, the species are 
independent inventions." In the instant case, each of the claimed substitutions would produce 
polypeptides with a different sequence and therefore are not connected by design. 
Furthermore, it is noted that searching each of the claimed substitutions, alone or in 
combination, represents an undue search burden because any search of a mutation(s) involves 
searching the mutation(s) itself, and the effect of the mutation(s) on the polypeptide. Finally, 
regarding MPEP § 803.04, it is noted that this USPTO policy was set forth in response to 
applications drawn to the examination of many sequences such as expressed sequence tags 
(ESTs), and the claimed variant IFN-p polypeptide is not an EST. It is also noted that the 
language of the MPEP states that "up to" 10 sequences (i.e. a maximum of 10 sequences rather 
than a minimum of 10 sequences) will be examined in "most" cases. 

The requirement is still deemed proper and is therefore made FINAL. 
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3. Claims 1-15 are currently pending. Claims 6-15 are withdrawn as non-elected 
subject matter, and claims 1-5 are the subject of this office action. 

Claim Objections 

1 . Claims 1-5 are objected to for reciting non-elected subject matter. Due to Applicants' 
election of a substitution at position 8, the recitation of other substitution positions in claim 1 
constitutes non-elected subject matter. Claims 2-5 are objected to for depending from claim 1 . 

2. Claim 3 is objected to for the following informality: The claim contains an extra period 
at the end of the sentence. 

Claim Rejections - 35 USC g 1 01 

35 U.S.C. 101 reads as follows: 

Whoever invents or discovers any new and useful process, machine, manufacture, or composition of matter, or any new 
and useful improvement thereof, may obtain a patent therefor, subject to the conditions and requirements of this titte. 

Claims 1-5 are rejected under 35 U.S.C. 101 because the claimed invention is directed 
to non-statutory subject matter. The claims are drawn to variant IFN proteins that may already 
be present in nature, and as written, do not show the "hand of man" in the inventive process. 
This rejection may be obviated by amending the claims to recite an Isolated variant". 

Claim Rejections - 35 USC § 112, first paragraph - enablement 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and process of making and using 
it, in such full, clear, concise, and exact terms as to enable any person skilled in the art to which it pertains, or with which it 
is most nearly connected, to make and use the same and shall set forth the best mode contemplated by the inventor of 
carrying out his invention. 

1. Claims 1-5 are rejected under 35 U.S.C. 112, first paragraph, because the 
specification, while being enabling for the variant type I IFN-p polypeptides comprising a 
substitution at position 8 as described in the examples of the specification, does not reasonably 
provide enablement for any other variant type I IFN-p comprising a substitution at position 8. 
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The specification does not enable any person skilled in the art to which it pertains, or with which 
it is most nearly connected, to make and use the invention commensurate in scope with these 
claims. 

The factors to be considered when determining if the disclosure satisfies the enablement 
requirement have been summarized as the quantity of experimentation necessary, the amount 
of direction or guidance presented, the presence or absence of working examples, the nature of 
the invention, the state of the prior art, the relative skill of those in the art, the predictability or 
unpredictability of the art, and the breath of claims. Ex Parte Forman, (230 USPQ 546 (Bd. Pat. 
App. & Int. 1986); In re Wands, 858 F.2d 731, 8 USPQ 2d 1400 (Fed. Cir. 1988). 

In the instant case, the breadth of the claims is excessive because the claims read on 
any variant of type I IFN-p comprised of at least one modification, wherein that modification is a 
substitution at position 8, and wherein said protein exhibits modified immunogenicity compared 
to wild-type IFN-p. The specification is enabling for the various IFN-p polypeptides comprising a 
substitution at position 8 that are described in the examples. However, as written, the claimed 
polypeptides can be any IFN-p polypeptide that contains a substitution at any amino acid, as 
long as the polypeptide contains a substitution at position 8. Given the broadest possible 
interpretation, the claims could read on a polypeptide resulting from substitution at all amino 
acid residues. There is no guidance or examples in the specification that teach an IFN-p 
polypeptide with unlimited substitutions that exhibits modified immunogenicity compared to wild- 
type IFN-p, wherein the modified immunogenicity is either increased, or decreased due to 
increased solubility. A person of ordinary skill in the art would not be able to predict which 
amino acid residues of IFN-p, other than those described in the examples of the specification, 
could be substituted and result in a polypeptide with either increased or decreased 
immunogenicity, reduced solubility, or reduced binding to at least one human class II MHC 
allele. It is known in the art that even single amino acid changes or differences in the amino 
acid sequence of a protein can have dramatic effects on the protein's function. As an example 
of the unpredictable effects of mutations on protein function, Mickel et al (Med. Clin. North Am., 
2000, Vol. 84(3), p. 597-607) teaches that cystic fibrosis is an autosomal recessive disorder 
caused by abnormal function of a chloride channel, referred to as the cystic fibrosis 
transmembrane conductance regulator (CFTR - p. 597). Several mutations can cause cystic 
fibrosis, including the G551D mutation. In this mutation, a glycine replaces the aspartic acid at 
position 551, giving rise to the cystic fibrosis phenotype. In the most common cystic fibrosis 
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mutation, A-F508, a single phenylalanine is deleted at position 508, giving rise to the cystic 
fibrosis phenotype. Thus, even the substitution or deletion of a single amino acid can have 
dramatic and unpredictable effects on the function of the protein. 

Therefore, while a person of ordinary skill in the art would be able to make and use the 
various IFN-p polypeptides comprised of a substitution at position 8 that are taught in the 
specification and meet the limitations of the claims, the excessive breadth of the claims 
regarding IFN-p variants with unlimited modifications, the lack of guidance and examples in the 
specification showing such variants, and the unpredictability of the art would lead to undue 
experimentation to determine which other IFN-p amino acid residues could be substituted and 
result in a polypeptide that meets the limitations of the claims of the instant application. 

2. Claims 1-5 are rejected under 35 U.S.C. 112, first paragraph, because the 
specification, while being enabling for a variant IFN-p polypeptide comprising a modification at 
position 8 that exhibits decreased immunogenicity, does not reasonably provide enablement for 
a variant IFN-p polypeptide comprising a modification at position 8 that exhibits increased 
immunogenicity. The specification does not enable any person skilled in the art to which it 
pertains, or with which it is most nearly connected, to make and use the invention 
commensurate in scope with these claims. 

The claims of the instant invention are drawn to variant IFN-p polypeptides exhibiting 
modified immunogenicity. Due to the Applicants' election of a modification at position 8, the 
claims are specifically drawn to a variant IFN-p polypeptide modified at position 8 that exhibits 
modified immunogenicity. Claims 2 and 5 are further drawn to variant IFN-p polypeptides 
comprising a modification at position 8 that exhibit reduced or increased immunogenicity, 
respectively. Although the specification provides examples of IFN-p polypeptides modified at 
position 8 and having reduced immunogenicity as defined by increased solubility, the 
specification does not provide guidance or examples showing how to make and use a variant 
IFN-p polypeptide having a modification at position 8 and exhibiting increased immunogenicity. 
Due to the unpredictability inherent in the art regarding the effects of modifying amino acid 
residues of proteins, a person of ordinary skill in the art would not be able to predict how to 
make and use a variant IFN-p polypeptide that exhibits increased immunogenicity without 
further, undue experimentation. 
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Claim Rejections - 35 USC § 112, first paragraph - written description 

Claims 1-5 are rejected under 35 U.S.C. 112, first paragraph, containing subject matter 
which was not described in the specification in such a way as to reasonably convey to one 
skilled in the relevant art that the inventor(s), at the time the application was filed, had 
possession of the claimed invention. 

The claims are drawn to a variant type I IFN-p polypeptide exhibiting modified 
immunogenicity compared to wild-type IFN-p, and comprised of a substitution at position 8. 
Although the specification does disclose variant IFN-p polypeptides substituted at position 8 and 
having modified immunogenicity, these examples are not sufficient to adequately describe the 
claimed genus of variant IFN-p polypeptides. As set forth above in the 35 U.S.C. 112, 1 st 
paragraph enablement rejection, as written, the claims read on a variant IFN-p polypeptide 
substituted in any position, as long as position 8 is substituted. The claims do not require the 
variant IFN-p polypeptides of the instant invention to have any particular structure other than 
contain an amino acid that was substituted at position 8, and does not teach which other amino 
acid residues can be substituted and result in a variant polypeptide with either increased or 
reduced immunogenicity, increased solubility, or reduced binding to at least one human class II 
allele. Thus, the claims are drawn to a genus of variant polypeptides that have not been 
adequately described in the instant specification. 

To provide adequate written description and evidence of possession of a claimed genus, 
the specification must provide sufficient distinguishing identifying characteristics of the genus. 
The factors to be considered include disclosure of complete or partial structure, physical and/or 
chemical properties, functional characteristics, structure/function correlation, methods of making 
the claimed product, or any combination thereof. In this case, the only factor present in the 
claims is a requirement that the variant IFN-p polypeptide contain a substitution at position 8. 
There is? no identification of any particular portion pf a variant IFN-p polypeptide that must be 
conserved in order to maintain the desired immunogenicity, solubility, or ability to bind human 
class II MHC alleles. Accordingly, in the absence of sufficient distinguishing characteristics, the 
specification does not provide adequate written description of the claimed genus. 
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Claim Rejections - 35 USC $ 1 12. second paragraph 

The following is a quotation of the second paragraph of 35 U.S.C. 112: 

The specification shall conclude with one or more claims particularly pointing out and distinctly claiming the subject matter 
which the applicant regards as his invention. 

Claims 1-5 are rejected under 35 U.S.C. 112, second paragraph, as being indefinite for 
failing to particularly point out and distinctly claim the subject matter which applicant regards as 
the invention. Claim 1 is drawn to a variant type I IFN-p polypeptide comprised of a modification 
at position 8. The claim does not specify, or identify by sequence identifier, any wild-type IFN-p 
polypeptide sequence upon which the variant IFN-p polypeptide is derived. As written, the claim 
reads on variant IFN-p polypeptides from any species. Additionally, the variant IFN-p 
polypeptide of the instant application could be derived, for example, from the mature 166 amino 
acid human IFN-p polypeptide, or the immature 187 amino acid IFN-p polypeptide that contains 
a signal sequence. Thus, the metes and bounds of the variant type I IFN-p polypeptide cannot 
be determined and the claim is therefore indefinite. Furthermore, the metes and bounds of 
"position 8" cannot be determined because it is not known if position 8 is relative to the start of 
immature human IFN-p, mature human IFN-p, or IFN-p from another species. Claims 2-5 are 
also rejected for depending from rejected claim 1 . 

Claim Rejections - 35 USC $ 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that form the 
basis for the rejections under this section made in this Office action: 
A person shall be entitled to a patent unless - 

(a) the invention was known or used by others in this country, or patented or described in a printed publication in this or a 
foreign country, before the invention thereof by the applicant for a patent. 

(b) the invention was patented or described in a printed publication in this or a foreign country or in public use or on sale in 
this country, more than one year prior to the date of application for patent in the United States. 

1. Claims 1-4 are rejected under 35 U.S.C. 102(b) as being anticipated by Runkel et al 
{Biochem. 2000, Vol. 39, p. 2538-2551). The claims of the instant invention are drawn to a 
variant type I IFN-p polypeptide exhibiting modified immunogenicity, increased solubility, and 
reduced binding to at least one human class II MHC allele, wherein said IFN-p variant 
comprises a substitution at position 8, and wherein substitution mutations are selected from 
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alanine, arginine, aspartic acid, asparagine, glutamic acid, glutamine, glycine, histidine, and 
lysine. Runkel et al teaches variant IFN-p polypeptides, including an IFN-p polypeptide 
comprising an alanine substitution at position 8 (see Figure 1A). Although Runkel et al is silent 
regarding modified or reduced immunogenicity, increased solubility, or reduced binding to at 
least one human class II MHC allele, it would be expected, in the absence of evidence to the 
contrary, that the IFN-p polypeptide disclosed by Runkel et al in Figure 1A would inherently 
possess these features due to the substitution at position 8, and the examples in the instant 
specification showing IFN-p polypeptides substituted at position 8 meet the claimed limitations 
regarding solubility and immunogenicity. Because the USPTO does not have the facilities for 
testing the properties of the disclosed IFN-p variant of Runkel et al, the burden is on the 
applicant to show a novel and unobvious difference between the claimed I FN variant and that of 
the prior art. See In re Best, 562 F.2d 1252, 195 USPQ 430 (CCPA 1977) and Ex parte Gray, 
10 USPQ 2d 1922 1923 (PTO Bd. Pat. App. & Int.). Therefore, the IFN-p variant disclosed by 
Runkel et al meets the limitations of claims 1-4 of the instant application. 

2. Claims 1-4 are rejected under 35 U.S.C. 102(a) as being anticipated by Pedersen et 
al (US 6,531,122). The subject matter of the claims of the instant invention is discussed supra. 
Pedersen et al teaches IFN-p variants produced for the purpose of conjugation to various 
polymers. Specifically, Pedersen teaches replacement of various amino acids, including the 
phenylalanine at position 8 (F8), with other amino acids such as lysine (column 14, line 54 - 
column 15, line 20), aspartic acid or glutamic acid (column 17, line 58 - column 18, line 38). 
Thus, Pedersen et al discloses an IFN-p variant with a substitution at position 8. In additional, 
Pedersen ef al disclose IFN-p molecules with modified (decreased) immunogenicity (column 13, 
lines 16-38). Furthermore, even if Pedersen ef al did not specifically teach modified/decreased 
immunogenicity, it would be expected, in the absence of evidence to the contrary, that the IFN-p 
variants comprising a substitution of lysine or glutamic acid at position 8 would inherently exhibit 
increased solubility relative to a wild-type IFN-p, and exhibit reduced immunogenicity compared 
to a wild-type IFN-p polypeptide because IFN-p polypeptides comprising a substitution at 
position 8 are disclosed by the instant specification as having these properties. Because the 
USPTO does not have the facilities for testing the properties of the disclosed IFN-p variant of 
Pedersen et al, the burden is on the applicant to show a novel and unobvious difference 
between the claimed IFN variant and that of the prior art. See In re Best, 562 F.2d 1252, 195 
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USPQ 430 (CCPA 1977) and Ex parte Gray, 10 USPQ 2d 1922 1923 (PTO Bd. Pat. App. & 
Int.). 

3. Claims 1-4 are rejected under 35 U.S.C. 102(b) as being anticipated by Bell et al (US 
4,738,844). The subject matter of the claims of the instant invention is discussed supra. Bell et 
al teach modified IFN-p polypeptides comprised of various amino acid substitutions. 
Specifically, Bell et al teaches mutant IFN-p polypeptides produced by substitution of various 
amino acids, and teaches that amino acids 1-28 of IFN-p can be replaced by any other naturally 
occurring amino acid, including alanine, arginine, aspartic acid, asparagine, glutamic acid, 
glutamine, glycine, histidine, and lysine (column 4, lines 43-61). Bell et al also teaches an IFN-p 
polypeptide in which amino acids 3-28 have been replaced by amino acids 2-26 of IFN-a (see 
Example 4 and claim 4), resulting in a substitution of a histidine at position 8 (see columns 23- 
24 - Chart 3d showing amino acid sequence of this polypeptide). Therefore, Bell et al teaches 
an IFN-p polypeptide comprising a substitution at position 8. Although Bell et al is silent 
regarding modified or reduced immunogenicity, increased solubility, or reduced binding to at 
least one human class II MHC allele, it would be expected, in the absence of evidence to the 
contrary, that the IFN-p polypeptide disclosed by Bell et al in Chart 3d/Claim 4 would inherently 
possess these features due to the substitution at position 8, and the examples in the instant 
specification showing IFN-p polypeptides substituted at position 8 meet the claimed limitations 
regarding solubility and immunogenicity. Because the USPTO does not have the facilities for 
testing the properties of the disclosed IFN-p variant of Bell et a/, the burden is on the applicant 
to show a novel and unobvious difference between the claimed I FN variant and that of the prior 
art. See In re Best, 562 F.2d 1252, 195 USPQ 430 (CCPA 1977) and Ex parte Gray, 10 USPQ 
2d 1922 1923 (PTO Bd. Pat. App. & Int.). Therefore, the IFN-p variant disclosed by Bell et al 
meets the limitations of claims 1-4 of the instant application. 



Double Patenting 

The nonstatutory double patenting rejection is based on a judicially created doctrine 
grounded in public policy (a policy reflected in the statute) so as to prevent the unjustified or 
improper timewise extension of the "right to exclude" granted by a patent and to prevent 
possible harassment by multiple assignees. A nonstatutory obviousness-type double patenting 
rejection is appropriate where the conflicting claims are not identical, but at least one examined 
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application claim is not patentably distinct from the reference claim(s) because the examined 
application claim is either anticipated by, or would have been obvious over, the reference 
claim(s). See, e.g., In re Berg, 140 F.3d 1428, 46 USPQ2d 1226 (Fed. Cir. 1998); In re 
Goodman, 11 F.3d 1046, 29 USPQ2d 2010 (Fed. Cir. 1993); In re Long/, 759 F.2d 887, 225 
USPQ 645 (Fed. Cir. 1985); In re Van Omum, 686 F.2d 937, 214 USPQ 761 (CCPA 1982); In re 
Vogel, 422 F.2d 438, 164 USPQ 619 (CCPA 1970); and In re Thorington, 418 F.2d 528, 163 
USPQ 644 (CCPA 1969). 

A timely filed terminal disclaimer in compliance with 37 CFR 1.321(c) or 1.321(d) may be 
used to overcome an actual or provisional rejection based on a nonstatutory double patenting 
ground provided the conflicting application or patent either is shown to be commonly owned with 
this application, or claims an invention made as a result of activities undertaken within the scope 
of a joint research agreement. 

Effective January 1, 1994, a registered attorney or agent of record may sign a terminal 
disclaimer. A terminal disclaimer signed by the assignee must fully comply with 37 CFR 3.73(b). 

Claims 1-5 are provisionally rejected on the ground of nonstatutory obviousness-type 
double patenting as being unpatentable over claims 1-5, 7, 10-12, 27-28, and 35 of copending 
Application No. 10/676,705. Although the conflicting claims are not identical, they are not 
patentably distinct from each other. 

The subject matter of the claims of the instant application is discussed supra. 
Copending Application No. 10/676,705 is drawn to a variant type I IFN-p polypeptide comprising 
a modification at position 8, and specifically a F8E substitution, as set forth in the Applicant's 
election received on 6/2/2006. Thus, the claims of both the instant application and copending 
application 10/676,705 are drawn to a variant IFN-p polypeptide comprising a modification at 
position 8. Claim 1 of the instant application recites a modification at position 8 wherein the 
substituted amino acid is glutamic acid, and therefore the claims of both applications 
encompass the same variant IFN-b polypeptide. Furthermore, both applications recite variant 
IFN-p polypeptides with modified (reduced) immunogenicity and increased solubility. Therefore, 
because the subject matter of both copending applications overlap significantly, it would be 
obvious to one of ordinary skill in the art to practice the claims of the instant invention by 
following the claims of copending application 10/676/705. Finally, although the claims of the 
instant application do not recite a pharmaceutical composition comprised of a variant type I IFN- 
b polypeptide, because both applications teach the polypeptide, it would be obvious to a skilled 
artisan to make a pharmaceutical composition comprised of the polypeptide. 

This is a provisional obviousness-type double patenting rejection because the conflicting 
claims have not in fact been patented. 



Application/Control Number: 10/820,467 
Art Unit: 1646 



Page 1 1 



Conclusion 

No claim is allowable. 

Any inquiry concerning this communication or earlier communications from the examiner 
should be directed to Bruce D. Hissong, Ph.D., whose telephone number is (571) 272-3324. 
The examiner can normally be reached M-F from 8:30am - 5:00 pm. If attempts to reach the 
examiner by telephone are unsuccessful, the examiner's supervisor, Gary Nickol, Ph.D., can be 
reached at (571) 272-0835. The fax phone number for the organization where this application 
or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the Patent 
Application Information Retrieval (PAIR) system. Status information for published applications 
may be obtained from either Private PAIR or Public PAIR. Status information for unpublished 
applications is available through Private PAIR only. For more information about the PAIR 
system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private 
PAIR system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). If you 
would like assistance from a USPTO Customer Service Representative or access to the 
automated information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 
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GENOTYPE-PHENOTYPE 
RELATIONSHIPS IN 
CYSTIC FIBROSIS 



John B. Micklc, PhD, end Garry R. Cutting MD 



For Inherited disorders, the Interaction of three factors determines disease 
severity; (1) the nature of the defect in the responsible gene, (?) the context 
in which the defective gene operates (fce, genetic background* and (3) the 
environmental Influences. The contribution of the firs! component on be as- 
sessed by study of the relationship between gene defects and disease seventy. 
Cystic fibrosis (CF) Is an autosomal recessive disorder caused by abnormal 
function of a chloride channel called the CF transmembrane amdutlana ngulator 
[CmO. Identification of the gene encoding CFTR and the discovery of numerous 
mutations in this gene have provided substantial data for genotype-phenotype 
analysis. Insight into this rebtionship has also been advanced by the discovery 
that patients with other disorders that clinically overlap with CF have mutations 
in each CFTR gene. Animal studies have shown the importance of genetic 
background. Emerging from the mosaic is a theme common to inherited disor- 
ders: Certain aspects of the CF phenotype are primarily determined by type of 
CFTR mutation, whereas some features are heavily Influenced by other factors. 
I. CF fa a variant disorder. d< Is a genetic disease of epllheUa (hat is 
conspicuous in the lungs? pancreas; sweat glands; and, in men, vas 
deferens^ ••The CF phenotype Is highly variable among unrelated tndl- 
viduafs and within families. Lung disease Is the primary cause of death 
in CF, but pulmonary manifestations show a high degree of roterfarnlUal 
end mtmrwnilia! phenotypic variability. Likewise, pancreatic disease 
ranges from complete loss of exocrine and endocrine functions, in some 
CF patients, to partial pancreatic function In. others, to pancreatitis only 
fat others. Sweat gland dysfunction results In Increased concentrations of 
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sodium and chloride in sweat The level of sweat chloride varies cunrfd- 
erobh/ among paHents: from fiear-nomu) ranp?, 40 Id AO mM/U to 120 
rnM/U with the overago level being about 100 mM/L afif Although 
useful for diagnostic purposes, abnormal uveal chloride concentrations 
do not cause Alness. Male infertility Is probably the most consistent 
feature of OP. Nearly all men with CF arv Infertile because of abnormali- 
ties tn mesonephrtc duct-derived structures, the commonest of which Is 
bilateral absence of the vos deferens. 

2. Epithelial ttcttwtytt transport h abnormal in CF. The clinica} manifestations 
of OP are believed to be caused by abnormal electrolyte transport across 
ejrirhelia leading to altered mucus viscosity and recurrent episodes of 
obstruction, uvflarnmaliorv and progressive destruction of affected organs. 
For example, CF lung disease is thought to develop from the combination 
of absorptive and secretory defects.* * Altered electrolyte composition 
of airway surface fluid also affects the activity oi antimicrobial peptides.' 0 
Loss of this activity has been proposed to underlie the predisposition to 
Infection with pathogenic organisms, such as PseuJamorms aeruginosa. The 

' importance of this pathophysiologic mechanism is unclear because pre- 
cise salt concentration of airway, surface fluid is a matter of some 
debate."" * Either way, defective electrolyte transport as a result of loss 
of cyclic adenosine oirmxmhosphats (cAMPHdivated rjilortde channels 
and hyperactivity of Radium channels in epitheGa) cells is the underlying 
metabolic derangement In CF.* ■» 

3. CFTR is dtfrthx in CF. In CP epltheUa, the defect in electrolyte transport 
is attributed to dysrunctkm of the CF transmembrane conductance regu- 
lator (CFTJO.* 9 CFTR is expressed in a Hssue-spcci&c manner consistent 
with CP pathology." In airway and burstina) epithelia. OTH is localized 

.\ to the apical membrane, whereas in the sweat duct it b present in the 
apical and the basolateral membranes. CFTR is an Important component 
in the coordination of electrolyte movement across membranes of epithe- 
lial cells. Human CFTR is a 1480 amino acid integral membrane protein 
of the adenosine triphosphate (ATr>blndlng cassette family. 19 CFTR Is 
composed of two repeated motifs, each with a transmemVrane domain 
tTMD) and a cytoplasmic nudeotlde-bindlng fold (NBF) separated by a 
. hydrophillc regulatory domain (R) (Kg. 1). The protein is a chloride 

CFTR 




Figure 1. The cystic (brosls transmembrane 
tna Bva domains Mkateo. TMD =» ~ 
tokt R a ruprtatary daman. 
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charms! activated by cVW-mediated PCCA phosphorylation of flw R 
domain end ATI? binding ami hydrolysis in the NBw> aca The activation 
and tnlhlbiBiiDn pronto of CFTR are typlcollly used. as reJercros pointo to 
evaluate the ffunctioraS consequences- u? dissase^asscrieled mutations. 

4. CHE regufete erparefe cteimeto to ttc same atf. CFTR Is Involved in AT? 
efflux end the concomitant regulation of outwardly rectified chloride 
dWsls (OBCCs). a ^ Activation of ORCCs contributes to the 
whole-sill dMoride conductance in epithelial celb. ORCCs have biophys- 

' cal (prap^o distinct from COTt Although protein that forms ORCCs 
hasten cecoreSituted m planar Hold (Mlayere> w the genes encoding to 
channels have not been doned. CFTR h also a regulator off the enubiuis- 

*'>2BBsitiv& epithcUal sodium channel (£N©C)> « In the absents? of OTR, 
EWaC k hyperactive, causing encessive absorption of ccdium, htsKcsalng 
the difficulty of GtycEbrating mucus secretions in the respiratory cpithzfia 
©5 CP paOstts. EWaC is composed of <nv ft and 7 summit for which the 
genes (have tot identified.*" 

5. fc/sJwus fa OTA csasr CK More than 800 dtesaseo using cnutaeitms 
have to* identified in the CHB eens 0 (ass atso hltp:/ /www.gOTieO. 
Sk£ddds>mcs/cftr7). The mutation l&reinaendes vary In rotation to race 
and ethnicity. Trt3 common CFTR mutation lis found on nearty 
70% of CP enramcsorno worldwide. An additional 30 mutations account 
for about W% of CP alleles s> white populations, whereas the remainder 
are rare orauta&iuns, crturring on only one or a few chsorutoaosnea. 0 Tu 
urtdeire6aru2 the nmsqusrm off CFTR mutations, two ccanptansntary • 
(approaches have been pursued, the &st method involves analysts of 
aroci&c CFTR mutations to determine the Sunrtlonal consequences for 
«he development of genotyps-basrd therapies. The aascond approach cn- 
amines the relattonsWp between genotype and phen otypg to determine 
the clinical] Implications Bsscriatedwfoh mutations in DTK. The pastiou- 
Bar Insight derived from each approach is discussed here. 



RJMOTOM&L ©9MSEGUEWCES OF OTZ? WJOTATHOMS 

To provide a framework for undereUsnding the consequents of mutations 
in end, miatatiaffis are grouped Into mechanistic classes based on demonstrated 
or predicted molecular dysfunction (TaMe ^utoUorw afffec^sw^esis 
(class n maturation and trefflrfsmg (dass I), or activation (class 3) yield little or 
no {functional protein and ere usually associated with classic CF; elevated sweat 
chloride valves, owoine pancreatic deficiency, and obstructive pulmonary dis- 
ease. Mutations thst ate conductance (class 0) and abundance (dass 5) diminish 
but do not eliminate CJTR function and ara offtm asseoaled with less severe 
phertotyros,, such as pancseattc-suf&ienl CF or otypteal CF with borderline 
sweat cWorlde levels. Mutations may also affect the ability off CFTR to remuate 
other channels (class 61 anal loss of the regulatory activity may influence pifieno- 
type. 8 * 

An emerging concept off molecular pathophysiology b that mutations typi- 
cally esert multiple efrecta. A mutation may cause more than one mecharusSic 
error that contributes to loss of fanfitfon and development of a phstosype. For 
e*ample, the mutation) G553D, which is esaodsted with the dssac CP pheno- 
typs, alters activation of CFTR (class 3) and offet* the ability of CFTR to regulate 
eepanue channels (dass Uhewue, the common CF mutation oilers 
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proosssfing (class 2) end the regulatory ability of CFTA (class 6), Tnorepcutec 
Inteirtfentions have been developed to aocumvent specific mechanistic defects. A 
major effort has been directed at overcoming &e folding defect caused by the 
common mutation &F508. Two approaches haw ten chemical stabilisation with 
gfyisrol end overcpprcssion using eodiusn C-pE^nyJb^yroie. ra7} Because optimal 
thareipy may rarulre inestona&m of CTT& chloride channel and reg ulator y func- 
tion^ however merapiics storied solely a? menpiesfon of mutant CFTR in vivo 
may have different efficacy atepndng on Ore nature and location of She criute- 
tion. Otficr channels ejected by Cfrf dysfunction ass also therapeutic torgeta 
For eraanple, CFTR is a regulator off TOaC In the absence oil CfTX ENsC Is 
hyperactive, causing excessive absorption of sodium. Toprevenl thss excessive 
Bosarption, amifonde has keen tased to block the ENaC channels. 13 As sucH 
combinational therapies may £rove necessary to dmrnront multiple mechanis- 
• tic errors. 

Two or more CFTCt mutations tihar occur on the same chromosome (in da) 
may art In concert to alter CFTR function and mndiry die CF phenotype. The 
camples allele has ten described to revert partially or ameliorate 

the iphenosypic effects of &j?3C3."V" Likewise, other leveriants 
and &334W-ftll58X) associated with mild or atypical CF have bsen described. 1 * ■ 
TWo changes on the same allele, however, can eUdt a more severe phermsype. 
For (arempfe. the mutation RU7H occurs predominantly in as wit h eith er the 5- 
thymidine (5T) or the 7-ihycnJdfftr (7T) trectt variant in intron B of CFTR. 23 These 
variants affect eHe efficiency of siRWA sparing for exon 9 in a tissue Specific 
manner. Hie RbITH^oT allele is associated with a panoeade-suffiden? (PS) OF 
phsnotyp2. The R137H-7T allele to found In otherwise healthy men with congeni- 
tal bilateral absence of vas defeaems (CBAVDJi Even ftoegh RfllTH eontHbutea 
to CFTR dysfunction by .altering conductance (class 4 J, the F5-CF and CBAVD 
phznotypes an? differentiated by she gxoly-T variant, whkk aife*3 DT7* abun- 
dance (daaa 5). Multiple mutations on (She same allele sifts* dlfhsenl phertftfypes, 
and analysis of CFTR mutations provides a means to eluddste intramolecu- 
lar interactions flhat affect phenoffyps. 

A cubtategory of mutations, polymorphisms, ore relatively common m 
CFTU. By definition, o paJmorphism oscurs at a beipiency of at least 1% in 
She genera! population, vmseas rare mutations may be observed only once. 
Polymorphisms ere common oHeratiom but their allelic frequencies often vary 
among populations. A single polymorphism is nol considered sufficient to elicit 
9 clinical phenotype as ob&gEfte hsterosygotca, and unaffected Individuals in die 
general population harbor single polymorphisms. CFTR bearing the polymor- 
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was doned, g subset of CFTR mutations was found to be associated with 
preserved pancreatic (Junction. 0 A muiticcnfcsr collaborative study confirmed tfus 
result but also emphasia&d that genotype is not cumphtffty predictive of pancre- 
atic phsuttyp. u Pot example, most of 396 hnmosygotcs were pancreatic 
uxsuflident, but 10 of §vsss patiente dad preserved pancreatic function." Simi- 
larly,patients conning a mutaHcnraascdated with preserved pancreatic function 
(RH7H) were predominantly out noG eadusSvdy pancreatic sufficient" Other 
mutations assedated with m3d panoptic dieses? enow a high but not Gwduslve 
aisodatlon with preservation oi pancreatic function. CFTR-bearing mutations 
Bfisodated with pancreatic sufficiency retain partial function, whereas nonfunc- 
tional mutations give rise to severe pancreatic disease. 0 

. As with other features of the CP phrmoOvpc, sweat chloride concentrations 
con vary widely. The averegs. sweat chloride concentration In O patients is 
about 100 mM/U buft.laveis range torn 60 rruWL to 160 raM/L" Although 
mosJ patients with CP have sweat chloride concentrations greater than 60 mM/ 
L, a small frac&aA, epprcariinately D% fin ^ hove a cweait chloride value in the 
normal range (i.c T <WJ trnM/L)." Although there lb no dear correlation between 
the (eve) off sweat chloride abnormality and severity of rung disease, there ts 
evidence to suggos ehat pattafiffi with pamrestk-suffidEney have leas abnormal 
sweat chloride conJcsnansUuns.^ 0 For Jnsiance, compound hstero- 

sygotes have tower sweat chloride concentrations than age-raiatched ond sea* 
matched homasygotes. 19 Because is also assndaled with pancreatic 
BuJfictsncy, this indicates that mutations producing mild pancreatic disease may 
be associated with leas obnocma) sweat chloride concentrations. This Is not the 
ccds for all mutations, however. CF patients with the R334W mutation are 
frequently .pancreatic suffident but have sweat (Chloride concentrations similar 
to homrje-ygotesJ* The mutation GB5E has ©son assodated with mild and 
severe pancreatic disease, Some patients, with G65E have low sweat chloride 
levels (<60 mWL), whereas most apneas So haw levels comparable to 
hooriorygoSea. 37 * 04 In GF patients with mc.G&E mutation, genetic background is 
ttitely a confounding factor mat contributes to the clinical presentation. 

One of the most consistent features of ^ is male Infertility, prind pally' 
resulting Grom absenc e of the vas deferens bfletcraUy.* 5 ' ° The fact that healthy 
male carriers of CFTR mutations (e.g^ fathers of CP patients) are fertile indicates 
that o^e. infertility conns when CFTR activity falls below a 50% threshold. Ths 
Cm piotypea 3869-frlOKb C-«T/AF5GS and m?+ 10Kb C^T/W12m hsve 
been observed in a few fertile men with CF; here, fertility wz$ attributed «o 
SW+UBGb C-o? a mSNA ^uang mutation because the AF5G8 and VV1282X 
mutations were considered severe.* » Some ■> IQKb 0?T compound hetero- 
dynes were Infertile, h oweve r. These otervaSumo saagjest that the 3S49+lQKo 
C-oT mutation [permits CFTR biosynthesis at or near the threshold teve) neces- 
sary to avoid raertiliry. Individual variation In proteins involved in the ep&cmg 
potass may effect the level of functional CFTR produced, accounting for the 
phcrartypic discrepancy. 

An alternate aopFosch to gertotyp^pllwciotype studies Involves characteriza- 
tion of distinct pnendtypes end determination of the underlying geBurtypra. 
CBAVD is o dlstfatf autosomal recessive disorder of GnfertiUty Tn otherwise 
healthy men &at is estsnated to affect I in 125.* ° Apyrontmately 75% of men 
with CBAVD have CFTR mutations on bom alleles, 9 Although not considered to 
be fully penetrant, s coounon variation in the gene that causes a mKWA splicing 
abnonnallty (57) coairo on 12% oi CBAVD alleles. 5 Thess data illustrate the 
phenojypic variability e&sode-ted with mutations in the CFTR gerce. Analysis oi 
other CF-rekted disorders (Ce.. pancreatic w disseminated bronchiectasis, » a ■ 
and allergic bronchopulmonary aspergillosis 07 ) has iFEveeJed similar results: A 
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diversity of seemingly disparate clinical diseases are. In pa* attributable to 

mU ^Wsh aesw of variebilfey in C? sw^esis other ^j? 3 > 
import*** in the development of oW bi the Individual patient. Tne oteno- 
tionof phenotypic variability within affected ssbsNps supports this contentim 

ol l^CF pKenotypo an: evl^* *™n P^&f 
Elation stadtes, and animal model* the clinical Investigation of * k^red 
S^^tins CF autosomal dominant polycystic tddney <^™»W 
Sloonof *io> end tepatic .testations Jfor «*n» ^ 
dcn><» Tnis onicnie observation fflustrates that CF7R is a cnUcal component m 
foe common of ion movement across epithelial wmbtww and suggst* 
thai the abnormal electrolyte transport characteristic of C* may be m'"*" 
^ pharmacologic regulation of esparate ion dWls. A fi«udy 
SaHente L DeruiuDrfc revealed that certain allelic variants of f"™^^ 
fecon (a lung surfacanMite piotebi thought to pnrv«e piotrctoji ^nbacto^ 
£«)tm associated with an uWd ris* of bacterial infec^on and 
^ Ueri«y of lung teased Consemjenlly, manaose^ding lectin may 
provide o fenget for thsrapsutic intervention. 

P XLjiTte e^M» of otto genes to foe CP phenotm is c5ffic«U 
in hu^En^MlationS because of a high of geneticdiversSty. Stupes are 
S3 I £ animal modda inTraA selective Wing can creotQ more 
SS^^5r bacfegrc^cfc to observe the p Wypic co^enc^ * 
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T^rfe^ta^ olrilwov and inttfifinaJ epifluOto in humans U nrt oreottly 

product in Hie tHevBlopmert ot Sung and toasdreO ' dtoasa j^TZ 
SStfut human homologuw Kid/ ^ f"f B«^»f ^S^r^on 
Z human chreSncoome 19, and ssgragaaon analysis with UnteS DNA mate* 
revests ooncordance among CF Bban&P 

ftt* Bnotm-phenotytw relationdup In CP to complw depfte to Mm , a 
miDraufdffir fwtois thai a.nb4ute to variability among Individuals 
SSTT.^f «Lv»T«e on «RJ of Snhnse study. Neverthdcs» v «rtrfn 
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cjbservedl among paHsite with the classic form of CP, espdaliy with regards to 
the severity of lung disease. Although understanding of the role of o&er genes 
and (mvirownenK Ui the development oJT lung dfee&s? Is fricowp!«^ evidisncs? 
tost other facto are important sossb the possibility that therapeutic btovtav- 
con may be possible at fi^mJ levels. Sscond, gcnu^pa correlates cron? dosely 
with orr%Jn feature of Oho CF phenosyp* then .others. Mutations that allow 
Frtkl function of CF7R are often associated with pancreatic sufficiency, occa- 
sionally identified with normal) sweat giand function, and sporadically correlated 
with mild lung disease. Ftertiafly functioning mutants rarely prevent maldeveloip- 
mom of the male reproductive toacfc an escsption is 38<8$4- JOKb C-*T. These 
observations supesa that carteln ttssu© mjiaire dltfcrent tevefa of OTflt function 
to avoid the pathoSogic manifestations dyplcaS of Q\ The genetic cause of severs! 
disorders &at dsmcaJSy overtap CF can fc? attributed, in par^ to mutations 
in CTRL Finally, molecular analysis of d&ses^essociated mutations identified 
through ge^hrps-phm^yp^ studtso provides a mechanistic frwvzvjmk (for 
genotype^asBCl oherepeutte spproac&a) end pharmaceutical intervention&j 
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abstract: A systematic mutational analysis of human interferon-/?- 1 a (IFN-/3) was performed to identify 
regions on the surface of the molecule that are important for receptor binding and for functional activity. 
The crystal structure of IFN-/3-la was used to design a panel of 15 mutant proteins, in each of which a 
contiguous group of 2-8 surface residues was mutated, in most instances to alanine. The mutants were 
analyzed for activity in vitro in antiviral and in antiproliferation assays, and for their ability to bind to the 
type 1 1FN (ifnarl/ifhar2) receptor on Daudi cells and to a soluble ifnar2 fusion protein (ifhar2-Fc). Abolition 
of binding to ifhar2-Fc for mutants A2, AB1, AB2, and E established that the ifnar2 binding site on 
IFN-/? comprises parts of the A helix, the AB loop, and the E helix. Mutations in these areas, which 
together define a contiguous patch of the IFN-/J surface, also resulted in reduced affinity for binding to 
the receptor on cells and in reductions in activity of 5 -50- fold in functional assays. A second receptor 
interaction site, concluded to be the ifharl binding site, was identified on the opposite face of the molecule. 
Mutations in this region, which encompasses parts of the B, C, and D helices and the DE loop, resulted 
in disparate effects on receptor binding and on functional activity. Analysis of antiproliferation activity 
as a function of the level of receptor occupancy allowed mutational effects on receptor activation to be 
distinguished from effects on receptor binding. The results suggest that the binding energy from interaction 
of IFN-/? with ifnar2 serves mainly to stabilize the bound lFN/receptor complex, whereas the binding 
energy generated by interaction of certain regions of IFN-/? with ifnarl is not fully expressed in the 
observed affinity of binding but instead serves to selectively stabilize activated states of the receptor. 



The type I interferons (TFNs) 1 mediate a wide range of 
biological effects (/). Their actions on cells include induction 
of resistance to viral infections, inhibition of proliferation 
of normal and transformed cells, and regulation of the 
differentiation state of immune system cells and modulation 
of their functions (2). The human type I IFNs comprise 12 
IFN-a isotypes, 1 IFN-/?, and 1 IFN-a> (3, 4). These proteins 
are related members of the helical cytokine family, and share 
varying degrees of sequence homology ranging from ~80% 
sequence identity among human IFN-a isotypes to ~50% 
sequence identity between a consensus IFN-a sequence and 
human IFN-/J (J, J). 

All of the known effects of the type I IFNs are believed 
to be mediated through interaction with a common type I 
IFN receptor comprising two proteins, ifnarl (6) and ifnar2 



* To whom correspondence should be addressed. E-mail: 
Adrian Whitty@Biogen.com. 

1 Abbreviations: ATCC, American Type Culture Collection; DM EM, 
Dulbecco's modified Eagle's medium; EBNA, Epstein-Barr virus 
nuclear antigen; ELISA, enzyme-linked immunosorbent assay; EMCV, 
encephalomyocarditis virus; FACS, fluorescence-activated cell sorter: 
FBS. fetal bovine scrum; hGH, human growth hormone; GH-R, hGH 
receptor; HBS, Hepes-buffered saline; hGHbp, hGH binding protein; 
his-tag, histidine tag; IFN, interferon; his-IFN-/?, IFN-0 containing an 
N-tcrminal histidine tag; ifnar, type I interferon receptor; ifnar2-Fc, 
extracellular domains of ifnar2 fused to the hinge, CH2, and CH3 
domains of human IgGl; mAb, monoclonal antibody; PBS, phosphate- 
buffered saline; PVDF, polyvinylidenedifluoride; RU, response units; 
SPR, surface plasmon resonance; wt, wild type. 



(7—9). Both ifnar chains have been categorized as class II 
cytokine receptors (10), based on sequence alignments and 
predictions of conserved structural elements (//). This family 
includes the receptors for IFN-y (12), tissue factor (13). and 
IL-10 (14). Through their cytoplasmic domains, the ifnarl 
and ifnar2 receptor chains associate noncovalently with the 
Janus kinases tyk2 (15) and jakl (7, 16). Signaling occurs 
through activation of the STAT pathway (reviewed in / 7), 
as well as through activation of other known signaling 
pathways (18, 19), and culminates in altered patterns of gene 
expression (20). Ifharl and ifhar2 contribute to ligand binding 
to different extents. Heterologous cells transfected with the 
human ifnar2 chain alone bind IFNs with moderate affinity 
(K D ~ 10" 9 M) (21, 22). The human ifnarl chain alone does 
not bind IFN with measurable affinity, but when cotrans- 
fected with human ifnar2 it increases by approximately 10- 
fold the affinity of the receptor complex for binding most 
type I IFNs, including IFN-/? (23). Functionally, it has been 
suggested that ifnarl mediates the differential responsiveness 
of cells to different type I interferons {24, 25). 

A number of reports suggest that stimulation of cells by 
different type I IFNs leads to distinct biological responses 
(26, 27). Given the large number of ligands in this family, 
it is intriguing to consider how the functions of these proteins 
can be mediated through a common cell surface receptor 
comprising only two proteins. Several lines of evidence point 
to the likelihood that the mechanism by which subtype- 



1 0. 1 02 1 /bi99 1 63 1 c CCC: $ 1 9.00 © 2000 American Chemical Society 
Published on Web 02/16/2000 



Mutational Analysis of IFN-/? 



Biochemistry, Vol. 39, No. 10, 2000 2539 



specific functional differences are transduced by the receptor 
involves alternative modes of receptor engagement, which 
result in altemarive signaling potentials of the iigated receptor 
complex (28-31). 

To elucidate the mechanism by which type I IFNs bind to 
and activate their receptor, detailed structure -activity studies 
are required. Currently, the three-dimensional crystal struc- 
tures for four type I IFNs, murine IFN-/J (32), human IFN- 
a-2b (33), human IFN-0-1a (34), and ovine fFN-r (35), have 
been solved. While mutational analyses for some human 
IFN-a isotypes exist (reviewed in 36), they predate the 
determination of the crystal structures of these molecules. 
Hence, in these studies it was not possible to design 
mutations based on any firm knowledge of the location of 
the mutated residue in the three-dimensional structure of the 
1FN molecule, or of its involvement in intramolecular 
interactions that are required for maintaining structural 
integrity. 

To extend structure -activity studies to human I FN-/?, we 
undertook the design and characterization of a panel of 
alanine substitution mutants, taking advantage of the avail- 
ability of a high-resolution crystal structure of human IFN- 
/Ma (34), to allow a systematic, structure-based approach 
to mutant design. The goal of this investigation was to 
identify the residues of IFN-/J that are important for receptor 
binding and biological activity, and to quantitatively correlate 
mutational effects on receptor binding with effects on 
function to obtain insights into how I FN-/? interacts with and 
activates its receptor. The results of these studies led to the 
identification of distinct regions on the surface of human 
IFN-/? that interact with ifnarl and ifnar2, and to an analysis 
of the roles that specific interactions within these regions 
play in stabilizing the bound receptor complex and in 
bringing about receptor activation. 

MATERIALS AND METHODS 

Reagents and Antibodies. Recombinant (untagged) IFN-/? 
was nonformulated AVONEX [human interferon la (1FN- 
/?-la), Biogen, Inc.]. Anti-IFN-/? mAbs were obtained as 
follows: B-02 was from Summit Pharmaceuticals, Fort Lee, 
NJ; the polyclonal antibodies anti-BG9418 and #447 and 
mAbs BI02, BI04, and BI06 were from Biogen, Inc. 
(Cambridge, MA), and anti-IFN-/? mAbs A7, B2, and B7 
were generous gifts of Dr. Phillip Redlich and Professor 
Sidney Grossberg. The anti-ifnarl mAb EA12 and other anti- 
ifnarl and anti-ifnar2 mAbs were from Biogen, Inc. 

Construction of IFN-/3 Alanine Substitution Mutants. The 
IFN-/3 gene was subcloned into plasmid pMJB107, a 
derivative of pACYC184 (37), in order to create silent 
mutations by site-directed mutagenesis (U.S.E. Mutagenesis 
Kit, Life Technologies, Gaithersburg, MD) which introduced 
unique restriction enzyme cleavage sites scattered across the 
gene. These unique restriction sites in the modified IFN-/? 
gene were used to exchange wild-type protein coding 
sequences for synthetic oligonucleotide duplexes containing 
the mutated codons. Site-directed mutagenesis was also used 
to create two mutants, H91 A/H97A and H 121 A, that earned 
discrete substitutions at only double and single amino acid 
positions, respectively. To obtain expression plasmids of the 
IFN-/3 genes, the modified genes were excised as a 761 base 
pair BamW\-Not\ fragment and subcloned into plasmid 



vector DSW247, which is a derivative of pCEP4 (Invitrogen, 
Carlsbad, CA) that lacks the EBNA1 gene. The EBNA 293 
expression plasmids encoded mature IFN-/3 proteins down- 
stream of and in protein coding frame with DNA sequences 
encoding the human vascular cell adhesion molecule- 1 
(VCAM-1) signal sequence (38), a six histidine tag followed 
by a three amino acid (SSG) spacer, and an enterokinase 
cleavage site (DDDDK). The DNA sequences of the 
recombinant plasmids were each confirmed. 

Expression and Quantitation of IFN-fi Alanine Substitution 
Mutants. The human EBNA 293 cells ( 39) were maintained 
as subconfluent cultures in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 4 mM L-glutamine, and 250 //g/mL Genetecin. 
The expression plasmids were transiently transfected into 10 
cm 2 dishes of EBNA 293 cells using the lipofectamine 
protocol (Life Technologies, Gaithersburg, MD). Conditioned 
media were harvested 3-4 days posttransfection, cell debris 
was removed by centrifugation and filtration, and conditioned 
media were stored at 4 °C for up to 5 months. Western blots 
established that, for all of the mutants, the majority of the 
expressed protein was glycosylated. Although each protein 
contained an amino- terminal histidine-tag, purification of the 
mutant proteins proved unnecessary for the functional 
analyses since the expression levels were sufficient (0.5- 
100 jWg/mL) to allow assays to be performed using unpurified 
proteins in conditioned media. 

To quantitate his-IFN-/2 expression levels, ELISA assays 
were performed using polyclonal rabbit antibodies (anti- 
BG9418, Biogen, Inc.) to coat 96- well ELISA plates. A 
biotinylated form of anti-BG9418 was used as a secondary 
reagent to allow detection of IFN-/? via streptavidin- 
conjugated horseradish peroxidase. A 1:1 dilution series 
(from 20 ng/mL to 0.15 ng/mL) of recombinant untagged 
IFN-/Ma [unformulated AVONEX, human interferon-^- 1 a 
(IFN-/Ma), Biogen, Inc.] was used to generate standard 
concentration curves for this assay. After two washes, the 
plates were developed using the peroxidase substrate tet- 
ramethylbenzidine. The absorbance at 450 nm was deter- 
mined using an ELISA plate reader. The assay was most 
sensitive to 1FN-/9 concentrations from 0.5 to 5 ng/mL. For 
ELISA assay, the conditioned media were diluted to obtain 
samples which would fall within this range. The concentra- 
tion values measured by ELISA were confirmed by Western 
blot analysis. Conditioned media from the EBNA 293 cell 
cultures and I FN -/Ma standards were subjected to reducing 
SDS-PAGE on 10-20% gradient gels and blotted onto 
PVDF membranes. Immunoreactive bands were detected 
with another rabbit polyclonal lFN-/3-la-specific antiserum 
(#447, Biogen, Inc.), followed by treatment with horseradish 
peroxidase-1 inked donkey anti-rabbit IgG. Finally, additional 
Western blots were performed, loading equivalent amounts 
(based on the ELISA data) of each his-IFN-0 (30 ng), 
showing that the immunoreactive bands obtained from blots 
probed with four different anti-IFN-/5f mAbs (BI02,.B104, 
BI06, and A7), which recognize epitopes in distinct regions 
of the molecule, had comparable intensities. 

To test whether the activities of purified and unpurified 
his-tagged IFN were equivalent, wt his-IFN-/? and mutant 
proteins A 1, A2, AB1, AB2, C2, CD1, CD2, D, and E were 
purified by nickel agarose affinity chromatography. The 
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purified preparations gave identical activities in cell-based 
binding and activity assays to the conditioned media for those 
mutants. The purified preparations of his-IFN-/? proteins were 
also subjected to reducing gel electrophoresis followed by 
silver staining, to further verify ELISA and Western blot 
quantitation data of his-IFN-jfl expression levels. In these 
experiments, a dilution series of recombinant untagged IFN- 
/Ma (10, 20, and 100 ng) was included in the analysis to 
serve as a reference standard. 

Surface Plasmon Resonance (BlAcore) Analysis. A BIA- 
core 2000 Biosensor system (Pharmacia- Amersham, Pis- 
cataway, NJ) was used to study the binding of the wt and 
mutant his-IFN-/? proteins to the IFN-/?-specific mAb B-02 
(Summit Pharmaceuticals, Fort Lee, NJ). Western blot 
analysis demonstrated that mAb B-02 was unable to detect 
denatured IFN-/?, indicating that B-02 binds to a confor- 
mational epitope on IFN-/?. Further support for this conclu- 
sion was derived from epitope mapping studies (ELISA and 
SPR experiments), which demonstrated that B-02 has an 
extensive epitope, contributed by amino acid residues present 
in the B, C, and D helices (see Results; and Runkel, 
unpublished data). All experiments were performed at 25 
°C at a flow rate of 10 /<L/min, using HBS buffer (10 mM 
HEPES- 150 mM NaCl, 0.005% P20 surfactant, pH 7.4) 
containing 0.1 mg/mL bovine serum albumin. The same 
solution was used both as running buffer and as sample 
diluent. The CAB3 chip surface was activated with A^-hy- 
droxysuccinimide/A^-ethyl-A^'-(3-diethylaminopropyl)carbo- 
diimide hydrochloride and then treated with mAb B-02 (30 
jWL at 30 jUg/mL in 10 mM acetic acid, pH 5.0). Residual 
activated sites on the chip were blocked with ethanolamine 
hydrochloride, pH 8.5. Treatment of the derivatized chip with 
100 mM sodium bicarbonate, pH 9.0 (30 wL), followed by 
200 mM sodium carbonate, pH 11.5 (30 uL), repeated 5 
times, established a reproducible and stable base line. The 
final surface density of mAb B-02 on the chip was 4000— 
5000 RUs. 

To determine the binding properties of the his-IFN-/? 
mutants to mAb B-02, each mutant protein was injected over 
the chip surface at a concentration of 1 /ug/mL (120 /*L). 
The samples were prepared by diluting conditioned media 
containing the IFN-/? mutants (or control media, or media 
containing 5 ^g/mL IFN-/Ma) 5-fold with HBS. Immediately 
after each injection, the chip was washed with HBS buffer 
(600 //L). The increase in RUs resulting from binding of 
the his-IFN-/? to mAb B-02 was measured at the end of this 
wash cycle. The surface was regenerated between experi- 
ments with 30 juL of 100 mM sodium bicarbonate, pH 9.0, 
followed by 30 /<L of 200 mM sodium carbonate, pH 1 1.5. 
After regeneration, the chip was equilibrated with the diluent 
buffer. 

Construction of the Ifnar2-Fc Expression Plasmid and 
Preparation ofIfnar2-Fc. An expression plasmid for a fusion 
protein (ifnar2-Fc) consisting of the extracellular domain of 
the human ifnar2 (mature protein residues 1 -243, GenBank 
L41943) and the hinge, CH2, and CH3 constant domains of 
human IgGl was constructed in two steps as follows. The 
polymerase chain reaction (primers 5'-TCGTTAATTAAGC- 
CGCCAGGATGCTTTTGAGCCAGAATG-3', 5'-TTCGTC- 
GACGCTAGCTTGAGAAGCTGC-3') was used to amplify 
the human ifnar2 coding sequences (positions 1-243) from 
pBIueScript-ifnar2 (a gift from G. Uze, CNRS, Montpelier, 



Runkel et al. 

France) and to incorporate suitable cloning sites for the DNA 
fragment (5' site Pad, 3' site Sal\). This PCR fragment was 
cloned into expression pla%mid pCAl 1 7 (Biogen, Inc.) using 
PacMSalX restriction enzyme cleavage sites. Following diges- 
tion with KpnMSaR, a fragment of the ifnar2 gene lacking 
the native signal sequence but containing the sequence 
encoding the entire extracellular domain was purified from 
the resulting plasmid, pIFNOVl. This fragment was sub- 
cloned into plasmid vector pCRFB4-CAl 17, between the 
CRFB-4 signal sequence (ending at the Kpn\ site, GenBank 
U08988 and U 12021) and the coding sequence for human 
IgG 1 constant domain (starting at the Sail site), to yield the 
final ifnar2-Fc expression plasmid pB4-ifnar2. The DNA 
sequence of this plasmid was confirmed. The fusion protein, 
ifnar2-Fc, was expressed following transient transfection of 
pB4-ifnar2 DNA into COS7 green monkey kidney cells. The 
ifnar2-Fc protein used in the IFN binding assays was purified 
by protein A- Sepharose chromatography from conditioned 
culture supernatants collected 3-4 days posttransfection. 

IJhar2-Fc:IFN-f3 Solid-Phase Binding Assay. To assess the 
binding properties of the his-IFN-/3 mutants to the extracel- 
lular domain of the human ifnar2 chain, a standard ELISA- 
based assay was performed as follows: Flat-bottomed, 96- 
well ELISA plates were coated with 50 fiL of murine anti- 
human IgGl mAb (10 ^g/mL CD1G5-AA9, Biogen, Inc.) 
in coating buffer (50 mM NaHC0 3 , 0.2 mM MgCl 2 , 0.2 mM 
CaCh, pH 9.6) overnight at 4 °C. Plates were washed twice 
with PBS/0.05% Tween-20 (wash buffer) and blocked with 
0.5% nonfat dry milk in PBS for 1 h at room temperature. 
After two washes, 50 piL of 1 /ug/mL ifnar2-Fc diluted in 
0.5% milk/PBS/0.05% Tween-20 was added to each well, 
and the plates were incubated for 1 h at room temperature. 
The plates were washed twice, and incubated for 2 h at 4 
°C with 50 ^L/well conditioned medium containing the 
appropriate his-IFN-/? protein serially diluted in DMEM 
supplemented with 10% fetal bovine serum. The dilutions 
spanned an IFN concentration range from approximately 1 
fiM to 10 pM. The plates were washed, and bound IFN was 
detected by adding 50 //L/well of a cocktail consisting of a 
1:1000 dilution of rabbit polyclonal antibody specific for 
human IFN-/?- la and horseradish peroxidase-conjugated 
donkey anti-rabbit IgG for 15 min at 4 °C. After two washes, 
the plates were developed using the peroxidase substrate 
tetramethylbenzidine, and the absorbance at 450 nm was 
determined using a SPECTRAmax PLUS plate reader. The 
absorbance was plotted as a function of IFN concentration, 
and EC50 values were determined graphically from the best 
fit of the binding curves to a hyperbolic equation. 

Cell Surface Receptor Binding Assay. The cell surface 
receptor binding properties of the his-IFN-/? mutants were 
assessed using a FACS-based assay which employed mAb 
EA12, an anti-ifnarl mAb previously reported to block IFN- 
a2b binding to cells, signaling through STAT activation, and 
antiviral activity by blocking the interaction of IFN with the 
receptor (40). Preincubation of Daudi Burkitfs lymphoma 
cells with a range of IFN-/? concentrations results in a 
concentration-dependent reduction in the subsequent binding 
of mAb EA12 that can be measured by flow cytometry 
(FACS) analysis. The standard protocol for a cell binding 
experiment utilized 20 //L of cells (2.5 x 10 7 cells/mL) and 
20 11L of the his-IFN-/? dilutions. All dilutions were made 
with FACS buffer (5% FBS, 0. 1% NaN 3 in PBS). Cells and 
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IFN were incubated in 96-well, V-bottom ELISA plates for 
1 h at 4 °C. Control experiments established that this 
incubation period was sufficient for IFN binding to reach 
equilibrium even at the lowest concentrations tested. Serial 
dilutions of IFNs gave final concentrations ranging from 0.5 
fiM to 0.5 pM. Cells then received 100 ng of biotinylated 
anti-ifnarl mAb EA12 (10 pL) and were further incubated 
for 2 min at room temperature. Incubation with mAb EA12 
was kept brief to minimize reequilibration of IFN-/? binding. 
Unbound EA12 mAb was removed by two washes with 
FACS buffer (4 °C). The cells then were incubated with 50 
( wL/well of a 1:200 dilution of R-phycoerythrin-conjugated 
streptavidin for 30 min at 4 °C. The cells were washed twice 
in FACS buffer, resuspended in 300 fiL of FACS buffer 
containing 0.5% paraformaldehyde, and transferred into 12 
x 75 mM polystyrene tubes for subsequent analysis by flow 
cytometry. Mean fluorescence intensity was plotted as a 
function of IFN concentration for wt his-IFN-/? and each of 
the mutant proteins. K D values were given by the concentra- 
tion of IFN-/? that decreased binding of mAb EA12 by 50%, 
determined by performing a standard four-parameter curve 
fit on the data. In control FACS experiments, Daudi cells 
incubated with IFN-/? as described above were treated with 
nonblocking anti-ifnarl or anti-ifnar2 mAbs, in place of 
EA12, to demonstrate that there was no IFN-dependent loss 
of surface receptor (Su et al., unpublished data). 

Antiviral Assay. Standard antiviral assays (41) were 
performed using A549 human lung carcinoma cells (ATCC 
CCL185). The cells were maintained in DMEM supple- 
mented with 10% FBS and 4 mM L-glutamine. On the day 
prior to IFN treatment, the cells were seeded into 96-well, 
flat-bottom culture plates at a density of 3 x 10 5 cells/mL, 
using 100 ftL of cell suspension/well, and allowing triplicate 
wells for each experimental point. On the next day, cells 
were treated with a range of IFN concentrations (for wt his- 
IFN-/?, 100, 50, 25, 12.5, 6.25, 3.12, 1.56, and 0.75 pg/mL) 
for 20-24 h prior to challenge with encephalomyocarditis 
virus (EMCV) at a titer sufficient to lyse 100% of untreated 
cells. Two days after the addition of EMCV, viable cells 
were quantitated using the metabolic dye thiazolyl blue. A 
dye solution was freshly prepared in PBS (5 mg of thiazolyl 
blue/mL of PBS), and a 50 uL aliquot was added to each 
well. Following a room-temperature incubation (30-60 min), 
the supernatant was discarded, and the cells were washed 
with 100 fiL of PBS. Finally, the cells were solubilized in 
100 fiL of 1 .2 N hydrochloric acid in 90% 2-propanol. Viable 
cells were quantitated by measuring the absorbance at 450 
nm. Some variation was seen between experiments in the 
sensitivity of the cellular response in antiviral assays; 
therefore, a full titration with wt his-IFN-/;? was included in 
each assay as a positive control. For his-IFN-/? mutants with 
reduced specific activities relative to wt his-IFN-/?, the 
optimal IFN concentration range was determined in pilot 
experiments using a wide range of IFN concentrations to 
identify concentrations sufficient to yield a full range of 
protection from viral infection under the conditions described 
above. The absorbance values were graphed as a function 
of his-IFN-/3 concentrations. An EC 5 o value, the concentra- 
tion of IFN-/? at which 50% of the cells were protected from 
viral killing, was determined from the graphs. 

Antiproliferation Assays. Human Daudi Burkitt's lym- 
phoma cells (ATCC CRL 7933) were seeded at 2 x 10 4 cells/ 



well in a round-bottomed 96-well plate in RPMI 1620 
supplemented with 10% defined fetal calf s serum and 4 mM 
L-glutamine and containing nine IFN concentrations derived 
from a 2-fold dilution series. For wt his-IFN-/?, the concen- 
tration range used was from 2 ng/mL to 7.5 pg/mL. The IFN 
concentrations used for each of the his-IFN-/? mutants were 
chosen based on pilot experiments to span a sufficiently 
broad range to define the concentration of mutant IFN 
required to achieve 50% growth inhibition. Duplicate ex- 
perimental points were used, and a set of 6 wells/plate of 
untreated cells was included in all experiments to serve as a 
control to determine maximal thymidine incorporation values. 
Cells were incubated with the IFN at 37 °C in 5% C0 2 
incubators for 2 days, after which 1 piCi per well of tritiated 
thymidine ([me%/- 3 H]thymidine; Amersham, Arlington 
Heights, IL) was added in 50 fxL of media. Following a 
further 4 h incubation, the cells were harvested using a plate 
harvester. Tritiated thymidine incorporation was measured 
using a beta plate reader. Duplicate experimental values were 
averaged and the standard deviations determined. Thymidine 
incorporation, as percent of maximum, was calculated for 
each IFN-/? concentration, using 100% values determined 
from the untreated cells, and these values were plotted as a 
function of concentration. For each mutant, the IFN-/? 
concentration required to achieve 50% growth inhibition 
(EC50) was determined from the graphs. 

RESULTS 

Design of IFN-fi Alanine Substitution Mutants. An ap- 
proach based on alanine scanning mutagenesis was employed 
to identify the regions on the [FN-/? surface that are important 
for receptor binding and for activity. Surface-exposed amino 
acids were mutated in groups of 2-8 residues to alanine or, 
in two positions, to serine. Mutations were designed with 
careful reference to the X-ray crystal structure of human 
IFN-/3 (34), to ensure that changes were restricted to residues 
with highly solvent-exposed side chains, and that residues 
with side chains involved in intramolecular interactions likely 
to be important for the stability of the folded structure were 
not altered. Glycine residues were not mutated, even when 
occurring at solvent-exposed positions, to avoid altering the 
geometry of the protein backbone. The solvent-exposed 
residues R27, R35, and K123 had been shown previously to 
be important for antiviral and reporter gene activities (42), 
and were therefore not altered in this study. Similarly, a 
mutation at position R124 had previously been shown to have 
no effect on activity (42), and was not included. Finally, 
residue T82 was mutated to a serine rather than to an alanine 
in order to preserve the glycosylation site at position N80, 
since glycosylation has been shown to be important for the 
stability and solubility of IFN-/? (43). The structure of 1FN-0 
contains 5 a-helices, designated A, B, C D, and E, 
interconnected by loops of from 2 to 28 residues designated 
AB, BC, CD, and DE (34). Residues were mutated in 15 
separate groups, shown in Figure 1, each of which was 
selected to define a more or less contiguous patch of the 
three-dimensional molecular surface. The mutants are des- 
ignated Al-E, in accordance with the secondary structural 
element (helix or loop) in which the amino acid substitutions 
occur (Figure 1). The number of amino acid substitutions in 
each individual mutant ranged from 2 residues (mutants DEI 
and DE2) to 8 residues (AB3), with most mutants containing 



2542 Biochemistry, Vol 39, No. 10, 2000 

A A helix 
, » nr j« <o w — 

Al -A-AA--A--A - 

J^l II — — AAA-AA-- 

A&2 " AA-A--A 

^3 - AAAAA-AAA 

B helix C helix 
J5 ~o l« HJ T55 

B --A--A5--— --- 

CI - AS--AA--S- --------- 



D helix E Helix 

n9 S33 US " Ud :w tso 

CD2 AA-A--A--A - - 

0 A-AA — A 

DEI -AA~ 

DE2 - -AA— ---- 

E A--* A- -A A 




Figure 1: Locations of alanine substitution mutations in the 
primary, secondary, and tertiary structure of human IFN-/S. (A) 
Locations of alanine substitution mutations in the primary sequence 
of mature human IFN-/Ma. The sequence of each mutant, Al-E. 
is shown below the section of wt I FN-/? sequence in which the 
mutations occur. Dashes indicate that the mutant conforms to the 
wild-type sequence at that position, as it docs at all other positions 
not shown. The locations of the 65 residues that were altered in 
the 15 mutants arc shown by dots above the corresponding positions 
in the 1FN-/? sequence. The individual mutants are designated Al - 
E. in accordance with the secondary structural element (helix or 
loop) in which the amino acid substitutions occur. Two additional 
mutants were made, H93A/H97A and HI 21 A (sec text); these 
residues are underlined. (B) A ribbon diagram representation of 
I FN-/?- 1 a with the locations of the mutations colored by group to 
show where they lie in the secondary and tertiary structure of the 
I FN-/? molecule. Regions colored yellow correspond to unaltered 
residues. Figures were prepared using RIBBONS (63). 

3-5 changes. The resulting panel of mutant proteins 
represents a low-resolution scan of essentially the entire 
surface of the protein, in which solvent-exposed amino acid 
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side chains in successive regions of the protein surface have 
been removed. Altogether, 65 of a total of 166 residues in 
IFN-/3 were changed. 

Expression and Characterization of IFN-/3 Mutants. The 
wt and mutant IFN-/? proteins were expressed transiently in 
mammalian cells, to ensure glycosylation at N80. Each 
protein contained a 14-residue N-terminal extension, com- 
prising a hexahistidine tag followed by an enterokinase 
cleavage site, upstream of the mature IFN-/J protein se- 
quence. Tests showed that enterokinase was not effective at 
removing the N-terminal his-tag from the wt his-IFN-/?; 
stoichiometric concentrations of enzyme were required to 
achieve cleavage, and under these conditions additional 
cleavages in the IFN-/? sequence were also observed. The 
specific activity of wt his-IFN-/? was compared to that of 
untagged recombinant human IFN-/?-la in assays measuring 
the antiproliferative and antiviral activities of IFN-/?, and was 
found to be comparable within a factor of 2—3 (data not 
shown). This result showed that the N-terminal tag present 
on the wt his-IFN-/? did not substantially affect its activity 
in these assays. The proteins were found to be stable in the 
culture supernatant. Therefore, to facilitate the subsequent 
characterization of the mutant proteins, they were primarily 
tested as unpurifted culture supernatants. The wt his-IFN-/f 
and nine of the mutants were purified (Materials and 
Methods), and their antiviral and antiproliferation activities, 
as well as their receptor binding properties, were tested and 
in each case found to be indistinguishable from those of the 
corresponding unpurified protein. 

Activity comparisons between wt his-IFN-/3 and the mutant 
proteins required that the concentration of each mutant 
present in the conditioned media be accurately known. IFN 
concentrations were measured by ELISA, and confirmed by 
Western blotting and also, for the 9 mutants which were 
purified, by silver-stained SDS-PAGE (data not shown). 
Standard curves were constructed using highly purified 
untagged recombinant human IFN-/3-la, The Western blot 
analyses were performed not only using a polyclonal anti- 
IFN-/3 antibody, but also separately with four different anti- 
IFN-/? mAbs which recognize four distinct epitopes distrib- 
uted within the 1FN-/3 sequence in the AB and CD loops 
and in the B and C helices. This nonredundant panel of 
antibodies was used to rule out the possibility that quanti- 
tation using any one reagent might be affected if the antibody 
epitopes involved coincided with sites of mutation. The 
concentrations measured using these various methods were 
found to be in good agreement with each other (data not 
shown). 

The structural integrity of the mutant proteins was 
investigated using three conformationally sensitive anti- 
IFN-/? mAbs as probes. Figure 2 summarizes the results of 
two separate SPR experiments, which showed that most of 
the mutants bound to mAb B-02 indistinguishably from wt 
his-IFN-£. Mutants BC and CI did not bind to B-02, 
however, and the binding of mutant C2 was substantially 
reduced (Figure 2). ELISA analysis confirmed that B-02 
docs not recognize these three proteins (data not shown). 
As the mutations in BC, CI, and C2 affect contiguous regions 
of the IFN-/J surface (Figure 1 B), it was considered that these 
mutants might be correctly folded but that B-02 binding 
might be altered due to its epitope lying in this region of the 
molecule. The structural integrity of these mutants was thus 
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Figure 2: SPR analysis of the binding of mutants Al-E to the 
human 1 FN -^-specific mAb B-02. Wild-type his-IFN-/? and mutants 
Al-E were passed over a BIAcore chip to which mAb B-02 had 
been covalently coupled, as described under Materials and Methods. 
Purified untagged recombinant IFN-/?-la in cell culture medium 
and no IFN-/? (medium only) were included as positive and negative 
controls, respectively. The height of the bars (RU) represents the 
level of binding seen with the various his-IFN-/? proteins tested. 
Each bar shows averaged data from two independent experiments; 
the error bars show the spread of the duplicate data points. 

tested further by evaluating all of the mutants by ELISA for 
their ability to bind two additional mAbs, B2 and B7 (44), 
that bind a conformational epitope distant from that of B-02. 
Their epitopes, located in the C-terminal portion of the AB 
loop and N-terminal portion of the B helix, lie on the opposite 
face of the IFN-/S molecule to the B-02 epitope. The results 
showed that mutants BC, CI, and C2 are recognized 
equivalently to wt his-IFN-/? by these two conformational ly 
sensitive mAbs (data not shown). The results obtained with 
the other mutants when tested using mAbs B2 and B7 
confirmed the structural integrity of these proteins, with the 
expected exceptions that no binding was observed for 
mutants affecting regions of IFN-/? that coincide with the 
previously published locations of the binding epitopes for 
mAbs B2 and B7 (45). Taken together, these data demon- 
strated that the mutations contained in the 1 5 IFN-/? mutants 
shown in Figure 1 had only the desired local effects on the 
properties of the molecule, and did not disrupt the overall 
structural integrity of the protein. 

Activity of IFN-fi Mutants in Cell- Based Antiviral and 
Antiproliferation Assays. Activation of the type I IFN 
receptor is known to induce an antiviral state (41), and to 
inhibit cell proliferation in some cell types (46). These two 
effects are mediated by different sets of IFN-inducible genes, 
through at least partially distinct signaling pathways. In the 
assays we employed, 10-fold higher IFN concentrations were 
required to achieve 50% maximal activity in the antiprolif- 
eration assay compared to the antiviral assay, implying that 
the signaling responses that give rise to these two activities 
are sensitive to different levels of receptor occupancy. 
Because of the quantitative and qualitative differences 
between these two cellular responses to IFN-/?, we chose to 
evaluate the activity of the his-IFN-/? mutants in assays that 
measured each of these activities. 

Antiviral activities of wt his-IFN-/? and the 15 mutants 
were measured using A549 human lung carcinoma cells, 
which were pretreated with concentrations of IFN-/? expected 
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to span a full range of protection from killing by subsequent 
EMCV infection. The activity of each protein was defined 
as the concentration which resulted in 50% protection from 
viral killing in the assay, determined by interpolation of the 
dose— response data. Figure 3 A shows representative data 
for wt his-IFN-/? and for three mutants that span a range of 
antiviral activities. Data for each mutant were measured in 
at least three separate experiments, using proteins obtained 
from at least two separate transient transfections. A full 
dose -response curve with wt his-IFN-/? was included in each 
assay. Figure 3B shows the antiviral activities obtained for 
each of the 1 5 mutants, represented as a percentage of the 
activity measured for wt his-IFN-/? control in the same 
experiment. Each data point in Figure 3 represents the result 
obtained for a given mutant in a separate experiment; the 
mean percent activity for each mutant is shown by a 
horizontal bar. Figure 3B shows that mutants Al, AB3, B, 
CI, C2, CD I, CD2, D, and DE2 displayed antiviral activity 
that was essentially identical (i.e., within a factor of 2) to 
that of wt his-IFN-/?. In contrast, mutations in the A helix 
(mutant A2), AB loop (mutants AB1 and AB2),vthe BC and 
DE loops (mutants BC and DEI, respectively), and the 
C-terminal portions of the E helix (mutant E) showed 
reductions in mean antiviral activity of from 4- to 50-fold. 

The antiproliferation activity of the IFN-/? mutants was 
determined by measuring their ability to inhibit the prolifera- 
tion of Daudi Burkitt's lymphoma cells. Each protein was 
assayed at a range of concentrations, and its activity was 
defined as the concentration which resulted in 50% inhibition 
of [ 3 H]thymidine incorporation. Figure 3C shows representa- 
tive antiproliferation dose-response data for wt his-IFN-/? 
and for three mutants. As was the case for the antiviral assay, 
each mutant was assayed in at least three separate experi- 
ments, using proteins obtained from at least two separate 
transfections, and a full titration with wt his-IFN-/? was 
included in each assay. Figure 3D shows the antiproliferation 
activities obtained for each of the 1 5 mutants, plotted as a 
percentage of the activity observed for wt his-IFN-/? in the 
same experiment; the mean percent activity for each mutant 
is shown as a horizontal bar. Mutants Al, AB3, B, CI, C2, 
CD1, CD2, and DE2 displayed activity indistinguishable 
from that of wt his-IFN-/?. Mutants A2, AB1, AB2, BC, D, 
DEI, and E showed mean antiproliferation activities that 
were reduced by factors of 5-25-fold compared to wt his- 
IFN-/?. 

It is immediately noticeable from comparison of Figures 
3B and 3D that, with the exception of mutant D, the mutants 
that showed reduced activity in the antiproliferation assay 
are the same ones that showed reduced antiviral activity. The 
relationship between the effects of the mutations on these 
two distinct activities is examined more quantitatively in 
Figure 4, which shows antiviral activity plotted against 
antiproliferative activity (both expressed as a percentage of 
the activity of wt his-IFN-/? control) for all 15 mutants. The 
solid line in Figure 4 has a slope of 1 and represents the 
relationship predicted for mutants that display identical 
effects on activity in the two assays. It is striking that the 
mutants, which collectively span more than 2 logarithms of 
activity, all fall on or close to this theoretical line. Closer 
examination of Figure 7 shows that mutants B, CI, D, and 
DEI show mean antiproliferation activities that appear 
disproportionately lower, to a modest degree, than their 
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Figure 3: Antiviral and antiproliferation activities of mutants Al-E. (A) Representative dose-response data from the antiviral assay for 
wt his-IFN-£ (filled squares) and for mutants ABI (circles), CI (triangles), and E (diamonds). Each data point represents the mean of 
triplicate measurements. Antiviral activities were determined by interpolating the dose -response data to estimate the concentration of wt 
or mutant his-lFN-/3 protein that resulted in 50% cell survival. In this assay, wt his-IFN-/? gave a mean antiviral activity of 21 pg/mL (range 
2.5-61 pg/mL; n - 19). (B) Antiviral activity data for all mutants, expressed as a percentage of the activity found for wt his-IFN-£ in the 
same experiment. Each data point represents the activity, relative to wt his-IFN-/?, of a given mutant measured in a given experiment. The 
horizontal bars show the mean antiviral activity for each mutant, averaged over all experiments. Asterisks indicate those mutants showing 
activity at least 2-fold lower than that of wt his-IFN-/? with a statistical significance of/? < 0.01. (C) Dose-response data from the 
antiproliferation assay for wt his-IFN-^ (filled squares) and for mutants ABI (circles), CI (open squares), and E (diamonds). Data points 
represent the mean of duplicate measurements. Antiproliferation activities were determined by interpolating the dose- response data to 
estimate the concentration of wt his-IFN-£ or mutant protein that gave 50% growth inhibition. In this assay, wt his-IFN-/3 gave a mean 
antiproliferation activity of 230 pg/mL (range 70-600 pg/mL; n = 6). (D) Antiproliferation activity data for all mutants, expressed as a 
percentage of the activity found for wt his-IFN-/3 in the same experiment. Each data point represents the activity, relative to wt his-IFN-£, 
of a given mutant measured in a given experiment. The horizontal bars show the mean antiproliferation activity for each mutant, averaged 
over all experiments. Asterisks indicate those mutants showing activity at least 2-fold lower than that of wt his-IFN-/7 with a statistical 
significance ofp < 0.01. Numerical values for the mean antiviral and antiproliferation activities of each mutant, together with the number 
of replicate measurements and the statistical significance of the difference from wt activity, arc given in the Supporting Information. 



respective mean antiviral activities. However, the experi- 
mental uncertainty in the antiviral and antiproliferation 
activities (Figure 3B,D) is too large to definitively establish 
whether these relatively modest deviations from the line are 
meaningful. The correlation shown in Figure 4 therefore 
indicates that, for the most part, the mutations have quan- 
titatively rather similar effects on activities in these two 
assays which measure distinct cellular responses to activation 
of the type I IFN receptor. 

Mutation':! Effects on Binding to the Type I IFN Receptor 
on Daudi Cells and to Ifnar2-Fc. A FACS-based binding 
assay, using the blocking anti-ifnarl mAb EA12 (40) as a 
probe for free receptor, was developed to determine the 
affinity of the mutants for binding to the type I IFN receptor 
on Daudi Burkitfs lymphoma cells. Using this method, 
described under Materials and Methods, recombinant human 
IFN-/i-la gave binding curves which yielded apparent K D 
values in the range of published values for \FN-(3 binding 
to Daudi cells [(2-3) x lO" 10 M] (21, 22). Interestingly, 
the average K D value measured for wt his-IFN-/3 [Ko = (3.8 
± 1.6) x 10 9 M] was reproducibly found to be ap- 
proximately 20-fold higher than that measured for untagged 
recombinant IFN-/Ma. Thus, although the presence of the 



N-terminal his-tag extension in wt his-IFN-/? had very little 
effect on the functional activity of the molecule in antipro- 
liferation or antiviral assays, it did appear to weaken receptor 
binding to some degree. This result, which initially seems 
counterintuitive, suggests that the affinity of IFN-/? for its 
receptor exceeds the threshold affinity that is required for 
full activity, as has recently been proposed for human growth 
hormone binding to its receptor (47). The data suggest that 
wt his-IFN-/?, though possessing somewhat reduced affinity 
for its receptor, still binds strongly enough to approach or 
exceed the affinity required for full functional activity. 

Figure 5A shows binding curves measured for wt his- 
IFN-/? and for three of the mutants in the Daudi cell receptor 
binding assay. Figure 5B shows the receptor binding affinities 
measured for each of the mutants in similar experiments; 
the results are expressed as a percentage of the affinity 
measured for wt his-IFN-/? in the same experiment. Binding 
affinities for each mutant were measured in at least three 
separate experiments, using conditioned media from at least 
two separate transfections. The mean binding affinity for each 
mutant is shown as a horizontal bar. Figure 5B shows that, 
for most mutants, the data were highly reproducible between 
experiments. However, a few of the mutants (notably Al, 
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Antiviral activity (% wt) 

Figure 4: Quantitative comparison of the effects of the mutations 
in mutants Al-E on the antiviral and antiproliferation activities 
of IFN-/?. Antiproliferation activity (from Figure 3B) is shown 
plotted as a function of antiviral activity (from Figure 3D), for the 
set of mutants Al — E. In both cases, activity is expressed as a 
percentage of the activity seen for wt his-IFN-/?. Each data point 
represents the mean antiproliferation and antiviral activities observed 
for an individual his-IFN-/? mutant protein. The identity of each 
mutant is indicated near the corresponding data point. The solid 
line has a slope of 1 , and represents the relationship expected if, in 
all cases, mutations had identical effects on activity in both 
functional assays. 

A2, AB2, and CI) showed large experiment-to-experiment 
variations in the measured Kn values (Figure 5B). We do 
not know the origins of the variability seen with these few 
mutants, though control experiments allowed us to rule out 
as causes any unusual instability of these particular protein 
preparations or any general instability in the assay. Impor- 
tantly, however, statistical analysis of the data for these four 
mutants verified that the reduction in receptor binding affinity 
observed for mutants A2 and AB2 is highly statistically 
significant (p = 1.1 x 10" 5 and 1.8 x 10~\ respectively; 
see Supporting Information) despite the scatter in the data. 

The results in Figure 5B show that mutants Al, AB3, CI, 
CD1, CD2, DEI, and DE2 each displayed an affinity for 
binding to the cell surface receptor that was at least as high 
as the affinity measured for wt his-IFN-/?. Indeed, several 
of these mutants— notably Al, CI, CD2, DEI, and DE2— 
appeared to bind with substantially higher affinities than that 
of wt his-IFN-/?, closer to the affinity seen for untagged 
recombinant lFN-/?-la. In contrast, mutants A2, AB1, AB2, 
B, BC, C2, D, and E displayed receptor binding affinities 
that were from 2- to 200-fold lower than that of wt his-IFN- 
fi. These results show that mutations in parts of the A helix, 
the AB loop, and the 5, C, D, and E helices caused significant 
reductions in receptor binding affinity, whereas mutations 
in other parts of the A and C helices, and in the CD and DE 
loops, dia not affect receptor binding. Mutations in the 
regions defined by mutants AB3 and CD1 resulted in binding 
affinities that were similar to that of wt his-IFN-/3, but lower 
than that of untagged recombinant IFN-/Ma. In these cases, 
we cannot rule out the possibility that modest effects on 
receptor binding exist and are being masked by effects on 
binding caused by the his-tag itself. Unlike mutant D, which 
showed only a small (though significant) decrease in binding 
affinity, neither AB3 nor CD1 showed any reduction in 
functional activity compared to wt his-IFN-/? (Figure 3). 

To further dissect receptor interactions, the mutants were 
evaluated in an ELISA measuring their ability to bind to 
ifnar2-Fc. The EC50 values measured in this assay probably 



do not reflect actual affinities for binding to ifnar2-Fc, 
because detection involves multiple wash steps and prolonged 
incubations during which dissociation or reequilibration of 
IFN-/? binding may occur (a problem that the Daudi cell 
binding assay format avoids). Despite this limitation, this 
binding assay can be used to provide a useful qualitative 
indication of which mutations cause a substantial reduction 
in binding to ifnar2-Fc. As was seen in the Daudi cell 
receptor binding assay, wt his-IFN-/? displayed an EC50 value 
in this assay which, at ~2 x 10~ 8 M, was ~ 10-fold higher 
than the value measured for untagged recombinant IFN-/?- 
la (data not shown). 

Figure 5C shows representative ifnar2-Fc binding curves 
measured for wt his-IFN-/3 and for three mutants, two of 
which show binding similar to that seen for wt his-IFN-/? 
and one of which (mutant E) shows no detectable binding 
to ifnar2-Fc at concentrations up to 1 «M, 500 times higher 
than the EC50 value for wt his-IFN-/?. Figure 5D shows EC50 
values for each of the mutants, expressed as % wt his-IFN-/? 
control; the average result for each mutant is shown as a 
horizontal bar. The mutants clearly fall into two groups. 
Mutants Al, AB3, B, BC, CI, C2, CD1, CD2, D, DEI, and 
DE2 all show EC50 values for binding to ifnar2-Fc that fall 
at or between the value seen for wt his-IFN-/? and the M0- 
fold higher affinity seen for untagged recombinant IFN-/?- 
la. In contrast, mutants A2, AB1, AB2, and E showed no 
detectable binding to ifnar2-Fc in this assay (Figure 5D), 
suggesting that mutations in these sites substantially weaken 
binding to ifnar2-Fc. These data suggest that the weakened 
affinities for binding to the receptor on Daudi cells that was 
measured for the mutants A2, AB1 , AB2, and E (Figure 5B) 
result from substantially reduced binding to the ifnar2 
receptor component of the receptor. Mutants B and C2 also 
showed reduced affinities for binding to the receptor on 
Daudi cells, but clearly retained their affinity for ifnar2-Fc. 
The regions affected by these mutations lie in the B and C 
helices, on the opposite face of the molecule to the ifnar2 
binding regions. These regions of the molecule are therefore 
most likely involved in binding to ifnarl. Mutants AB3, BC, 
D, and DEI bind ifnar2-Fc comparably to wt his-IFN-^, but 
more weakly than the untagged IFN-/3-la. Because of the 
possibility in these cases that mutational effects on binding 
are being masked by effects due to the his-tag, we cannot 
definitively say whether these four mutants arc also involved 
in binding to ifnarl. 

Mapping Mutational Effects on Receptor Binding and on 
Functional Activity onto the Structure of IFN-ft. Figure 6 
summarizes the binding and activity data from Figures 3 and 
5, projected onto the three-dimensional structure of human 
IFN-/?. The space-filling representations of the protein 
structure shown in Figure 6 panels a— d are based on the 
crystallographic coordinates (34), and show the molecule in 
two orientations related by a 180° rotation to show both 
"front" and "back". The data are color-coded as follows: 
portions of the molecule colored green indicate regions in 
which mutations resulted in no significant effect (i.e., <2- 
fold reduction) on activity or binding affinity in a given 
assay; regions colored blue indicate a reduction in activity 
or binding affinity of from 2- to 5-fold; and regions colored 
red indicate that mutations in these sites reduced activity or 
binding affinity by > 5-fold. Regions of the molecule colored 
yellow were not altered by the mutations (Figure 1). 
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Figure 5: Cell surface receptor binding and ifhar2-Fc binding properties of mutants Al-E. (A) Representative data from the Daudi cell 
receptor binding assay for wt his-IFN-0 (filled squares) and for mutants DEI (diamonds), DE2 (circles), and D (triangles). Receptor binding 
affinities were taken as the IC 50 values from the best fits of the data to a four-parameter equation, shown by the solid lines. In this assay, 
wt his-lFN-0 gave a K D for binding to the receptor on Daudi cells of (3.8 ± 1.6) x 10~ 9 M (w = 20), where the uncertainty limit represents 
the standard deviation between independent experiments. (B) Binding affinities for the binding of mutants Al-E to the receptor on Daudi 
cells, expressed in each case as a percentage of that measured for wt his-IFN-/? in the same experiment. Each data point represents the 
receptor binding affinity, relative to wt his-IFN-/?, found for a given mutant in a given experiment. The horizontal bars show the mean 
affinity for each mutant, averaged over all experiments. Asterisks indicate those mutants showing binding affinities that were at least 2-fold 
lower than that of wt his-IFN-/? with a statistical significance of p < 0.01. (C) Ifnar2-Fc binding data for wt his-IFN-0 (filled squares) and 
for mutants DE2 (circles), CD (triangles), and E (diamonds). EC 50 values for Ifnar2-Fc binding were determined from the best fits of the 
data to a hyperbolic binding equation, shown by the solid lines. (D) Ifnar2-Fc binding activities for all mutants, expressed as a percentage 
of the binding activity found for wt his-IFN-/3 in the same experiment [i.e., % binding = EC 5 o(wt)/EC 5 o(mutant) x 100]. Each data point 
represents the result found for a given mutant in a given experiment. The horizontal bars show the mean binding activity for each mutant, 
averaged over all experiments. The dagger symbol (t) indicates that mutants A2, AB1, AB2, and E showed no detectable ifnar2-Fc binding 
when tested at IFN concentrations up to 1 /<M, 500-fold greater the EC 5 o value measured for wt his-lFN-/J. 



Figure 6a shows the activity data obtained for each mutant 
in the antiviral assay, color-coded and mapped onto the 
appropriate surface regions of a structural model of IFN-/?. 
Figures 6b, 6c, and 6d show similar images representing the 
results of the antiproliferation, cell surface receptor binding, 
and ifnar2-Fc binding assays, respectively. Data from a 
number of additional point mutants are also included in 
Figure 6. The effects of the individual point mutations R27A, 
R35A (AB loop), and K123A (D helix) on the antiviral 
activity of IFN-/? have been reported previously (42), and 
are included in Figure 6a. Tn addition, mutants H93A/H97A 
and H121A, located in the C and D helices, respectively, 
which substitute the zinc-chelating histidine residues in the 
zinc-mediated IFN-/?- la dimer that was observed in the 
crystal structure {34), were constructed and assayed for 
antiviral activity and for binding to the receptor on Daudi 
cells and to ifnar2-Fc (data not shown). The activities of these 
mutants were indistinguishable from that of wt his-IFN-/J in 
these assays, and so H93A, H97A, and H121A are shown 
in green in Figures 6a, 6c, and 6d. 

The most striking feature of Figure 6 is that mutations in 
the regions corresponding to mutants Al, AB3, CI, CD1, 
and CD2, which together cover almost half of the molecular 
surface proximal to both the N- and C-termini, had no 



measurable effect on binding or activity in any of the four 
assays. These regions of the molecule appear to play no 
significant role in receptor binding or activation. In contrast, 
four regions of the molecule, altered in mutants A2, AB1, 
AB2, and E, are colored red in all four images, indicating 
that mutations in these regions of the molecule caused at 
least a 5-fold decrease in activity or binding affinity in all 
assays. Figure 6d indicates that these four regions together 
define a contiguous patch of the molecular surface, and that 
only mutations in these regions caused any detectable 
reduction in binding to ifnar2-Fc. We therefore conclude that 
the region defined by mutants A2, AB1, AB2, and E 
constitutes the ifnar2 binding site on IFN-/?. On the opposite 
face of the molecule the situation appears more complex. 
Mutations in the regions corresponding to mutants B, BC, 
C2, D, and DEI all affect activity in one or more of the 
assays, and these regions too can be seen to form a 
contiguous patch on the molecular surface. However, the 
effects of any given mutation in this region appear to be 
quantitatively different in the different assays, and no clear 
correlation exists between effects on binding affinity and on 
biological activity. Since mutations on this face of the 
molecule have no detectable effect on binding to ifnar2, 
though several affect binding to the receptor on Daudi cells, 
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Figure 6: Mutational effects on binding and functional activity mapped onto the three-dimensional structure of I FN-/?. Front and back 
views of a space-filling representation of the crystal structure of IFN-0, color-coded to summarize the effects of the mutations on the 
antiviral (a), antiprolifcration (b), receptor binding (c), and ifnar2-Fc binding (d) properties of his-lFN-/i The magnitude of the mutational 
effect on activity in a given assay is color-coded as follows: For panels a-c, residues that, when mutated, resulted in no loss of activity 
(i e <2-fold reduction) in a given assay are colored green; residues that, when mutated, caused a reduction in activity of 2-5-fold arc 
colored blue; residues that, when mutated, caused a > 5-fold loss in activity arc colored red. In panel d, mutations that caused a complete 
loss of ifnar2-Fc binding in the assay are colored red; mutations that caused no detectable effect on ifnar2-Fc binding arc colored green. 
In all four panels, portions of the molecule colored yellow were not altered by the mutations (sec Figure 1). The positions of the protein's 
N- and C-termini are indicated by arrows, as is the position of the carbohydrate on Asn80. In addition to the 15 alaninc-substitution mutants 
Al-E the effects of mutating residues R27, R35, and K123 on the antiviral activity of I FN-/? have been reported previously (42), and arc 
included in panel a. Two additional his-lFN-/? mutants, H93A/H97A and H 121, were analyzed in three of the four assays and in all cases 
gave wild-type activity. These three histidinc residues are therefore colored green in panels a, c, and d. Figures were prepared using RIBBONS 
(63). 



it is likely that this region of the molecule exerts its effect 
through interaction with ifnarl. 

DISCUSSION 

Identification of Human IFN-fi Receptor Binding and 
Functional Domains. Correlating the assay data from Figures 
3 and 5 with the location of the corresponding mutations on 
the three-dimensional structure of IFN-/? led to the identifica- 
tion of two distinct receptor binding regions on opposite faces 
of the IFN-/3 molecule. One region, defined by mutations in 
the A helix, the AB loop, and the E helix, was found to be 
critical for ifnar2 binding. Each of the four mutants ( A2, 
AB1, AB2, E) that affected this region of the protein also 
showed a substantial (i.e., > 10-fold) decrease in receptor 
binding affinity and proportionate reductions in functional 
activities (Figure 6). This region of the molecule was 
concluded to comprise the ifnar2 binding site on IFN-/3. A 
second receptor-interacting region, on the opposite face of 
the molecule, was also identified. Mutations in this region, 
which comprises portions of the B, C, and D helices and 
parts of the BC and DE loops, also showed effects on receptor 
binding, antiviral activity, and/or antiproliferation activity. 
In the case of mutants B and C2, binding to ifnar2 clearly 
was unaffected, suggesting that their substantially reduced 
affinity for the receptor on Daudi cells can be attributed to 
altered interactions with ifnarl. The mutations in BC, D, and 
DEI are adjacent to those in B and C2, and these three 
mutants also demonstrated reduced activity in one or both 
functional assays while retaining ifnar2 binding properties 



similar to that of wt his-IFN-/?. tt is therefore likely that the 
region of the molecular surface defined by mutants B, BC, 
C2, D, and DEI comprises the ifnarl binding site on IFN- 
fi. Mutations within this putative ifnarl binding site tend to 
have disproportionate effects on receptor binding and activity. 
For example, mutants B and C2 showed approximately wild- 
type levels of activity in both functional assays, but 
demonstrated a reduction in receptor binding affinity of > 10- 
fold, comparable to that seen in the four ifnar2 binding site 
mutants which showed large reductions in activity in both 
functional assays. Mutant BC showed reductions in activity 
that were large relative to the effect of the mutations on 
receptor binding affinity. In contrast, mutant DEI showed 
marked reductions in activity in both functional assays, but 
showed no reduction in receptor binding affinity. Thus, 
interactions with ifnarl appear to affect binding and activity 
in more complex ways than was seen for mutations in the 
ifnar2 binding site. 

The locations of the ifnarl and ifnar2 binding sites on 
IFN-/3 deduced from our data can be compared to literature 
data. Previous mutagenesis data on IFN-/3 (42), interpreted 
in light of the X-ray crystal structure of IFN-/Ma (34), have 
identified R35 in the ,45 loop, K 123 in the D helix, and sites 
on the C helix (N84, Y92) as being involved in functional 
interactions with the receptor. Moreover, mAbs that block 
the function of IFN-/? in vitro in activity assays have been 
mapped to epitopes that defined two receptor binding regions 
on opposite faces of the molecule, one of which was shown 
to comprise residues within the region of amino acids 40- 
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Figure 7: Quantitative differentiation between mutational effects 
on receptor binding and on antiproliferation activity. Dose-response 
data from representative antiproliferation assays performed with 
wt his-IFN-/S (circles) and mutants A2 (squares) and DEI (tri- 
angles), in which the concentration axis is expressed in terms of % 
receptors occupied. The percentage of receptors occupied at each 
concentration of wt or mutant his-IFN-/? was calculated using a 
single site (i.e., hyperbolic) binding equation and the appropriate 
receptor binding affinity for each mutant, from Figure 5B. Both 
antiproliferation activity and receptor binding were measured using 
Daudi cells. The percent receptor occupancy required to achieve 
half-maximal antiproliferation response is given Table I, for wt 
his-IFN-/J and for those mutants that showed significantly reduced 
antiproliferation activity. 

53 of the AB loop and B helix (45). All of these findings are 
in good agreement with our results. For IFN-a, solvent- 
exposed residues on the portions of the AB loop, the DE 
loop, and B and E helices, identified as functionally important 
residues (reviewed in 36), have been suggested to be 
important for receptor interactions (33), and the C helix has 
been implicated in interactions between human IFNs-al and 
-a8 with ifnarl (48). However, there is evidence that, despite 
the overall involvement of roughly similar regions of the 
molecule, the specific regions that contact ifnarl and ifnar2 
may be different for IFN-a subtypes than those defined 
herein for human IFN-/Ma. We observed that the solvent- 
exposed residues of IFN-/? shown by this study to interact 
with ifnar2 are not well-conserved between IFN-/3 and IFN- 
a. This observation is in line with a model proposed by 
Mogensen et al. (31) in a recent review, in which the authors 
utilized structures of IFN-a2 and IFN-/? to demonstrate that 
striking homologies exist between residues that lie on 
opposite surfaces of these molecules, and proposed that lFNs- 
a2 and -f3 would present quite different solvent-exposed 
residues to ifnarl and ifnar2. 

Differentiating Mutational Effects on Receptor Activation 
from Effects on Receptor Binding. Mutations in IFN-/? can 
potentially affect the activity of the molecule in two distinct 
ways: by altering its affinity for the receptor, or by affecting 
its ability to trigger receptor activation once it has bound. 
These two kinds of effects can be quantitatively differentiated 
and thus separately analyzed as shown in Figure 7. Figure 7 
shows dose- response data from the antiproliferation assay 
for wt his-IFN-/? and for mutants A2 and DEI, but with the 
concentration axis expressed not in units of molarity but 
instead in terms of the percentage of receptors occupied at 
each IFN concentration tested. Percent receptor occupancy 
at each IFN concentration was calculated using the receptor 
binding affinities measured for each IFN-/? mutant (Figure 
5B), as described in the legends to Figure 7 and Table 1. 
The receptor binding affinities from Figure 5B are directly 



Table 1 : Levels of Receptor Occupancy Required To Achieve a 
Half-Maximal Response in the Antiproliferation Assay, for wt 
his-IFN-/? and Mutants That Showed Significantly Attenuated 
Antiproliferation Activity 



mutant 


antiproliferation 
act.* (% wt) 


% receptor occupancy 
at half-max response'' 


wt his-IFN-0 


100 


0.3 


A2 


4.7 


0.14 


AB1 


14 


0.012 


AB2 


3.6 


0.70 


BC 


11 


0.94 


D 


20 


0.82 


DEI 


9.1 


13 


E 


19 


0.1 



0 Mean EC50 values measured in the antiproliferation assay, expressed 
as a percentage of the EC50 value for wt his-IFN-/? (data from Figure 
3D). h Percentage of receptors occupied at a concentration of each I FN -/? 
mutant equal to its EC50 value in the antiproliferation assay. Receptor 
occupancy was calculated using a single site (i.e., hyperbolic) binding 
equation and the AT D value for wt his-IFN-/? or each mutant measured 
in the Daudi cell receptor binding assay (Figure 5A,B). Full dose- 
response curves plotted as a function of percent receptors occupied 
are shown in Figure 7 for wt his-IFN-/? and for mutants A2 and DEI. 

applicable to data from the antiproliferation assay because 
both measurements were made using identical Daudi cells. 
By plotting the antiproliferation dose— response data as 
shown in Figure 7, differences in receptor binding affinity 
between different forms of TFN-/S are factored out, and the 
data report directly on the ability of each IFN mutant to 
induce a functional response once bound to the receptor. 

Figure 7 shows that wt his-IFN-/? brings about a 50% 
maximal antiproliferative response on Daudi cells when 
present at a concentration at which only ~0.3% of receptors 
are occupied. It appears, therefore, that this response to IFN-/? 
is maximally stimulated upon activation of only a very small 
number of receptors. Figure 3D shows that mutant A2 has 
an antiproliferation activity that is reduced ~ 10-fold com- 
pared to wt his-IFN-/?. However, Figure 7 shows that, for a 
given level of receptor occupancy, these two proteins are 
equally effective at inducing this functional response. The 
data in Figure 7 show, therefore, that the low activity of A2 
is solely due to its reduced affinity for binding to the receptor 
(Figure 5B); once bound to the receptor, its ability to induce 
an antiproliferation response is unimpaired. Comparable 
results are seen if data for two other ifnar2 site mutants, AB2 
and E, are plotted in the same way (summarized in Table 
1). In contrast, the antiproliferation activity of mutant DEI 
is also ~ 10-fold lower than that of wt his-IFN-/?, but unlike 
A2 its binding to the receptor is not correspondingly 
weakened. Figure 7 shows, therefore, that mutant DEI 
achieves a 50% maximal antiproliferation response only 
when present at concentrations at which it is occupying 
— 13% of receptors. This result implies that, once bound to 
the receptor, DEI is ~40 times less effective than wt his- 
IFN-/? or mutant A2 at activating the receptor to trigger an 
antiproliferative response. These findings suggest that the 
binding energy derived from interactions of the sites defined 
by mutants A2, AB2, and E with ifnar2 is fully expressed 
in the observed receptor binding affinity, and thus imply that 
the main function of interactions with ifnar2 is to bind IFN-/? 
to the receptor by stabilizing the resulting complex. In 
contrast, the binding energy derived from interaction of the 
DEI region with ifnarl is not expressed in the observed 
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binding affinity; hence, the affinity is not reduced upon 
mutation at this site. Instead, the binding energy is utilized 
to bring about signaling, presumably by selectively stabilizing 
activated states of the receptor. Consideration of receptor 
activation in terms of the generation of binding energy, and 
its expression in the observed binding affinity or its utilization 
to bring about receptor activation, is closely analogous to 
the well-developed theory of the utilization of binding energy 
by enzymes to achieve catalysis (49). 

Mutations that decrease receptor activation much more 
than they reduce binding have been reported for other 
cytokines such as growth hormone (50), erythropoietin (51), 
and IL-4 (52). In these cases, the effects were due to a 
decreased ability to recruit a second receptor chain after 
binding of ligand to the first chain. The question of whether 
a mechanism of iigand-induced receptor dimerization plays 
a role in activation of the type I IFN receptor has not yet 
been definitively answered. However, the complex pattern 
of variations between effects on receptor binding and on 
functional activity that is seen for mutations in the proposed 
ifnarl binding site (see Figure 6a-c) suggests that a more 
complicated mechanism is at work. This notion is in keeping 
with published data that imply that there is an important 
allosteric component to activation of the type I IFN receptor 
(53, 54). Assuming that the variations in behavior seen in 
Figure 7 are largely due to effects on the distribution of 
receptor states that exists at binding equilibrium, and that 
purely kinetic explanations can be ruled out (47), comparison 
of the data for A2 and DEI suggests that activation of the 
type I interferon receptor by different IFN-/? mutants can 
give rise to distinct activated states of the receptor which 
differ in the efficiency with which they induce a given 
functional response. Such a result might be achieved if the 
receptor is able to adopt multiple distinct activated confor- 
mations that differ in the efficiency with which they promote 
a particular functional response. Alternatively, the data can 
be interpreted in terms of a single activated state, if the 
activity differences between the mutants result from quantita- 
tive differences in the equilibrium distribution between active 
and inactive states that is induced upon IFN binding. In either 
case, the data suggest that activation of the type I IFN 
receptor contains an important allosteric component. The 
effects of our IFN-/? mutants on the nature and distribution 
of activated receptor states, which we infer from Figure 7, 
may provide a model for how engagement of the type 1 IFN 
receptor by different type I IFNs can give rise to distinct 
functional responses. 

Relevance of lFN-($ Dinier Formation for Receptor Bind- 
ing and Activity. Human IFN-/?- la was observed to crystal- 
lize as noncovalcnt dimers, in which residues H93 and H97 
in one molecule and HI 23 in the neighboring molecule 
participate in the dimer contact through their chelation of a 
bridging zinc ion (34). Interestingly, IFN-a2b was also found 
to crystallize as a zinc-mediated dimer, though with a quite 
different orientation between its component monomers (33). 
Though zinc has not been implicated in the function of cither 
of these interferons, it is known to be involved in the binding 
of human growth hormone to the prolactin receptor (55), 
and has been reported to affect the binding of insulin-like 
growth factor to its receptor (56). Moreover, there are reports 
that suggest that rare earth salts can enhance IFN-/? receptor 
binding and functional activity (57). To test whether the zinc- 



mediated dimerization of IFN-/? that is observed crystallo- 
graphically is important for function, we prepared two 
additional IFN-/? mutants in which the zinc-chelating histi- 
dine residues from one or the other face of the molecule 
were replaced by alanine residues. These two mutants, 
HI 23 A and H93A/H97A, both displayed activity comparable 
to wt his-IFN-/? in antiviral assays, in cell surface receptor 
binding, and in ifnar2-Fc binding assays (data not shown). 
Moreover, additional points of contact between the IFN-/? 
molecules in the crystallographically observed IFN-/? dimers 
fall in regions of the molecule that are altered in mutants 
Al, C2, and CD1, all of which retained activities identical 
to wt his-IFN-/? in functional assays. These results suggest 
that the dimers seen in the crystal structure of IFN-/? represent 
a crystallization artifact that is not relevant to function. 

Receptor Binding Domains of IFN-f$: Comparison with 
Human Growth Hormone. The extensive high-resolution 
structural and functional studies that have been performed 
on human growth hormone (hGH), using cell surface 
expressed receptor (GH-R) or a soluble receptor construct 
known as hGHbp, have elucidated detailed molecular 
recognition principles likely to be generally applicable to 
the helical cytokine families of ligands and receptors (58). 
While the sequence homology between hGH and IFN-/? is 
rather low, the four-helix bundle core is a well-conserved 
structural feature, and the overall three-dimensional folds of 
hGH and IFN-/? are therefore quite similar. However, while 
hGH acts through a receptor comprised of two identical 
receptor chains, the receptor for IFN-/? comprises distinct 
ifnarl and ifnar2 components. For the type I IFN receptor, 
the extracellular, cytokine binding domains are structurally 
homologous to each other and to GH-R, each being 
comprised of fibronectin type (FN)-III repeats. Elegant 
alanine-scanning mutagenesis experiments coupled with 
* receptor binding and crystallographic studies (59—61) have 
clearly defined the residues that comprise the high-affinity 
(site 1) and low-affinity (site 2) receptor binding sites on 
hGH, and have pinpointed the subset of contact residues that 
contribute most to binding energy with the receptor. In light 
of the conserved structural features of helical cytokines and 
their respective receptors, we examined whether the IFN-/? 
mutational data described above, when compared to data for 
hGH, might point to similarities and differences in how these 
two helical cytokines engage their respective receptors. A 
superimposition of the murine IFN-/? structure (1 rmi) on 
the hGH structure (1 huw), based on structural rather than 
sequence similarities, is available in the FSSP database (62). 
Our examination of this superimposition showed that the 
ifnar2 binding site on IFN-/? closely coincides with the high- 
affinity receptor binding site (site 1) on hGH. Noteworthy 
is the presence of several solvent-exposed hydrophobic 
residues (F15, W22, L32, and VI 48) at the ifnar2 binding 
surface of IFN-/?. These hydrophobic residues are likely to 
impart binding energy in an analogous manner to the critical 
hydrophobic residues that are clustered at the center of high- 
affinity site 1 of hGH. For both cytokines, therefore, the 
interaction site that generates the bulk of the binding affinity 
with the receptor involves structurally analogous regions of 
the protein surfaces. In contrast, the putative ifnarl binding 
site, which consists of helices B, C, and D on the opposite 
face of the IFN-/? molecule, does not coincide with the low- 
affinity site (site 2) on hGH. This difference in the structural 
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details of receptor engagement by IFN-/3 compared to hGH 
may be related to the fact that ifnarl contains four FN-III 
repeats in its extracellular domain rather than the two found 
in GH-R and in ifnar2. This structural feature may allow 
binding geometries between IFN-/? and ifnarl that are 
unavailable for hGH/GH-R interactions. Finally, the fairly 
large areas of the IFN-/3 protein surface that were identified 
herein to be involved in interactions with the receptor appear 
to differ from the smaller, more focal, receptor interaction 
sites that were identified on growth hormone (58—60) and 
some other helical cytokines (51, 52). However, this apparent 
difference may simply be a consequence of the fact that, in 
the current study, surface residues were mutated not singly 
but in groups. A higher resolution scan in which the 
functionally important regions of the molecule were probed 
by single point mutations might therefore give a picture of 
the receptor interaction sites that more closely resembles the 
compact sites seen in other cases. Such a high-resolution 
scan would also allow some of the quantitative conclusions 
we have inferred from our data to be tested in more detail, 
shedding additional light on exactly how binding of IFN-/3 
to its receptor brings about receptor activation and functional 
responses. 
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